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Sinc(^ thn firnt mlilinn of ihm Iniok appeared eonfiiderablo 
advaneen have been niadt^ in onr knnwltnl^i^ of t\u\ Bubject, new 
meihndH r)f inveHtii^aiuui have becni intrcKlnned, and the rela- 
tives inipnrtancHs at tHHbrent part^ of it have rhangtHh Thu 
UMunf f*luetri(uU appliann'H luia uxtcuuh't! ilu' ran^u and aeuu» 
r«usy of thurnuunutry. Mtsaun at attaininii^. maintainini;, and 
muiwurin^ iuinpuralnrt^H, whiuh twt*nty yearn a|^n worn 
anniewhat male niul munsrUun* have btH^n perfeetuch and 
are utnjslnytHl in many ujH»ratitaiB at Ihv lu^at lalK^ratory, 
Thu inuiiMurunient nf heat untn*gy in iujw uften uflbuhHl by 
muaHUnniusida uf elt*rtriral energy. 

Thu tleiuanelH nuulu on HliuleniH have uorruHiKimlingly 
ehiUigenl and inunmutl 

Tht! author haH then^fon* taken the opjMirtunity itfhjrdud 
him to revbo the wIujIu kaik in the light of thenu 
aitleratitiim. Honn^ paragmplm of an cdismunUiry nature have 
I'HMfn eirnitied, othurH have abbreviatiHh and greal^T Bjaum 
\im iMHsn given to th*n*muniutry an«l In elcTtrinil inethcKja 
giammlly; but no inahnial rhango haa tw^t^n miwh^ in tha 
gtirmral jdan «*f this work. Th«' UrBl part cnmlaina an 
autamnt of the idiinf nxjwrittieniiU plumoniena tlmt result 
fmn this appUniiitUi of beat to niattrr, iiiul it \n niTe»a.ry 
tliat the atudunla ahotdd UimttwdveM {unfeirni tlH** iimiimirts* 
tmmta m^t out iri thiH part of the baik, Tlnnigh hilioratoj^ 
iiigtinmtioiia not given in detail it sa boj>ial that the 
0|>®ratianii am autlieiimUy indimted and tlm muthiKla ttmh 
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clear. The second part of the hook is dcvolcfl (o Uk- 
consideration of heat as a form of oiie.rjry, mul is n.r.'ssui-ily 
more mathematical. Hero a sli^fht use has hecii iiiiule ni 
calculus methods; but it is now recoKnizisl Uuii stmhmt.H 
who get sufficiently far in th(>ir Hcirncn studies to d.-al 
seriously with such subjects should have some kiiowle.lge 
of the calculus. Numerical ('..'camjiles iiave, liowever, lit-eu 
freely introduced in order tliat tlie vague iiupriwiou left in 
the minds of some studenUs by giuieral symbolH may llieridty 
be rendered inoi'o actual a-iul 

The author hopew that, the (‘.hanj^u'H mmU' iuay Ihv 

book useful to a iiew generation of Htiuliudn. Kin thuukN an* 
duo, and are hero tcn(ler(‘<l, to thorns who kindly rnlh'd UIh 
attention to olxscuritioH and inistakcss in the prt*vioUH oditionK 
to Dr. W, F. G. Swann for reading thc‘ proofn untl making 
suggestions, and to the Cambridge Seicmtiiie (Vimpnny fur 
permission to reproduce figures of some t>f their upparatna 

('. ll IK 
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UNITS OF ]\rEASUREMENT 

A length of five centimetres is shown in the accompanying figure. 


The length from which the centimetre is derived is the metre, 
which is intended to represent the ten-millionth part of the distance 
from the pole of the earth to the equator. 

The multiples and sub-multiples of the centimetre are: — 


1 milliinetre = 
1 centimetre = 
1 decimetre = 
1 metre 

1 decametre = 
1 hectometre = 
1 kilometre = 


metre (1 mm.) 
metre (1cm.) 
metre (1dm.) 

10 metres 
100 metres 
1000 metres 


'03937 in. 
•3937 in. 
3*937 in. 
39*37 in. 
32*808 ft. 
109*36 yd. 
1093*6 yd. 


For rough work one centimetre may be taken as •§■ in. 

Unit of Area. — The C.G.S. unit of area is the square centimetre 
shown above. 

The only magnitudes in common use in physics are the follow- 
ing : — 

1 sq. mm. = sq. cm. = *00155 sq, in. 

1 sq. cm. = *155 sq. in. 

1 sq. dm. = 100 sq. cm. = 15*5 sq. in. 

1 sq. m. = 10,000 sq. cm. = 10*764 sq. ft. 

Unit of Volume. — The C.G.S. unit of volume is the cubic 
centimetre. The magnitudes in common use in physics are: — 

1 cub. mm. = cub. cm. = *000061027 cub. in. 

1 cub. cm. = *001027 cub. in. 

1 cub. dm. (called 1 litre) = 1000 cub. cm. = 61*027 cub. in. 


Mass. — Mass means quantity of matter. 

The student should learn to distinguish between mass and weight, and to 
think and speak of masses without regard to their weights. This is rather 
difficult at first, because practically we nearly always compare masses by com- 
paring their weights. But when one takes a pound of water, for instance, 
what is wanted is a certain quantity of water; it is of no importance for 
most purposes how much it may weigh. The mass of a given lump of matter 
is a constant unalterable quantity, having the same value in London as on 
the planet Jupiter, or midway between the sun and Sirius; whereas its 
weight is a mere accident of its position, and would be very different indeed 
in these three cases. Again, if a cannon ball strike a target, the magnitude 
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HEAT 

AND THE PRINCIPLES OF THERMODYNAMICS 


Part I. — Experimental 
CHAPTER I 

INTEODUCTOEY 

I. Everyone is familiar with the sensations of heat and cold. 
The physical cause of these sensations is what we mean by the term 
Heat Taking the idea of heat which our sensations yield as 
sufficient for practical recognition of what is meant by the term, 
we proceed to note briefly a few facts of common experience that 
will serve to indicate the main outlines of a more extended view 
of the subject 

If we mix some hot and some cold water together, the resulting 
mass of water is cooler than the original hot, and hotter than the 
original cold water. Evidently heat has been transferred from one 
mass of water to the other. Heat, then, is transfemhle, 

A rough experiment will soon establish the fact that if five 
minutes are occupied in melting a pound of ice over the flame of 
a Bunsen burner, it will take about ten minutes to melt two pounds 
of ice over the same flame. We may say that the heat transferred 
in the one case is double that transferred in the other. We can 
thus think of heat as capable of being measured, and therefore of 
numerical estimation ; and when we can deal with it in quantities, 
the idea of heat has become more precise and scientific. Heat is 
a measurable quantity. The process of measuring quantities of heat is 
called calorimetry. 

(0 273 ) 
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2. EFFECTS OF HEAT.— The effects which heat produces ar® 
very vaiious; nearly every property of a body is affected by the 
addition or withdrawal of heat. The principal effects to be here 
treated of are (a) change of temperature, (b) change of volume, and 
(c) change of physical state. 

In addition to these changes, addition or withdrawal of heat produces changes 
in the electrical condition of bodies generally, in the magnetic condition of mag- 
netic substances, in the optical properties of transparent substances, and in 
chemical affinity and solvent power. 

(i) Change of Temperature. — When on touching two substances 
with the hand we say that one feels hotter than the other, we are 
speaking of temperature. The scientific way of saying that a body 
is growing hotter or colder is that the body is rising or falling in 
temperature. When heat passes into a body, the substance com- 
monly, although not always, becomes hotter, i.e. rises in temperature; 
and when heat passes out of a body it commonly becomes colder, 
i.e. falls in temperature. 

But temperature must he carefully distinguished from heat. 
“ Heat is the property of matter concerned in producing our well- 
known sensation, and temperature is a certain variable quality of 
matter varying according to its temporary condition in respect of 
heat.”^ Thus we speak of degrees of temperature but of (juantities 
of heat. When an absolute scale of temperature has been made, 
temperature may be regarded as a quantity. Change of tem- 
perature is one of the effects of the communication of heat to 
or the withdrawal of heat from a body. Changes of temperature 
are among the commonest of phenomena, and we have a special 
mode of sensation for appreciating them. Temperature is measured 
by the thermometer, and that part of the Science of Heat which 
is concerned with the measurement of temperature is called ther- 
mometry. 

Take two exactly similar vessels of thin iron, and place in one 
a pound of mercury and in the other a pound of water at the same 
temperature. If these two vessels be similarly exposed to the same 
source of heat for a short time, the temperature of the mercury will 
rise much higher than that of the water, although the quantities of 
heat absorbed in the two cases cannot have been very different. 
If the vessels be first heated to the same temperature and then 
placed in equal masses of cold water, the rise of temperature pro- 
duced in the respective masses of water will not be the same. 

1 JSncy, Brit. art. Heat. 
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Equal masses of mercury and water, therefore, do not take in or 
give out equal quantities of heat in undergoing equal changes of 
temperature. This is expressed by saying that the capacities for 
heat, or thermal capacities, of water and mercury are different. 
Each substance has a specific thermal capacity just as it has specific 
gravity, 

(ii) Change of Volume. — If a small quantity of air be tied up 
in a bladder and placed near a fire, a large increase of size is at once 
apparent. If a flask exactly full of water be heated, some of the 
water will overflow. If a platinum wire be tightly stretched 
between two supports and then heated to white heat, its length 
will be visibly increased. 

These and nunjerous facts of a similar nature establish the 
general rule, that bodies expand when heated and contract when cooled. 

If a very hot liquid be poured into a glass vessel, the vessel is 
liable to be cracked, owing to the strains set up b}^ the expansion 
of the inner portion while the outer surface is still cold. Glass 
touched with a piece of hot metal will crack. 

The riveting together of boiler plates is generally done with 
red-hot rivets, which on cooling contract and pull the plates very 
close together. The same principle is taken advantage of in the 
building of heavy guns. These are formed of a number of concen- 
tric cylinders of steel which are successively slipped into position 
in a red-hot condition, the inner cylinder or cylinders being cold. 
The enormous pressure upon the innermost cylinder, which results 
from the contraction of the outer ones, enables it to withstand the 
pressure of the gases produced by the explosion of heavy charges of 
gunpowder. A similar process is adopted in fitting iron tires on 
wheels. Railway metals are laid with a small space between them 
to allow for contraction and expansion. Fur- c 

nace-bars for like purpose are never tightly 
fixed, and gas-pipes are laid with telescopic 
joints. 

The amount of expansion for any given rise 
of temperature is different for each substance. 

This may be illustrated by riveting together 
thin bars of different metals. Then, if these Fig. i 

compound bars are straight at ordinary tem- 
peratures, they become curved when they are either heated or 
cooled. Thus, if in the bars shown in fig. 1 the unshaded portion 
represent silver and the shaded portion platinum, on a rise of tern- 
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perature tlie bar bends as in C; on a fall of temperature it assumes 
the form shown in B, since silver elongates or contracts twice as 
much as platinum for the same change of temperature. 

(hi) Change of Physical State. — The physical states are the 
forms in which matter can exist, viz. solids liquid^ and gaseous. 

The characteristic property of a solid is rigidity, in virtue of 
which a solid offers a permanent resistance to any mechanical force 
tending to change its shape. 

A fluid, on the other hand, offers no permanent resistance to 
any mechanical force tending to change its shape; if pressure be 
applied to a fluid in one direction only, it will, unless otherwise 
constrained, flow out in some other direction. A fluid must, there- 
fore, be contained in a vessel, and it takes the shape of the vessel 
or portion of the vessel that it occupies. 

In this characteristic the two classes of fluids, viz. liquids and 
gases, resemble each other. They differ from each other in respect 
of compressibility or extensibility. 

A gas is a fluid, the volume of which may be increased to any 
extent by reduction of the pressure to which it is subject. A 
gas completely fills any vessel in which it is placed, and possesses 
no free surface. 

A liquid is a fluid, the volume of which does not continue to 
increase indefinitely as the pressure upon it is reduced. A liquid 
has a free surface. 

It is a fact of common experience that some substances, e.g. 
water, can exist in more than one state, as a solid, a liquid, or a 
gas; and that under ordinary atmospheric pressure the state of the 
substance is determined by its temperature. The liquid is the 
intermediate stage; addition of sufficient heat converts a liquid into 
a gas; subtraction of sufficient heat converts a liquid into a solid. 

Fusion or melting is the name given to the process of change 
that takes place when a solid becomes a liquid; its converse is 
solidification. 

When a liquid passes into the gaseous state the process is called 
vaporization; and the converse process, when a substance passes 
from the gaseous to the liquid state, is condensation. Vaporization 
may take place in two ways, by evaporation and by ebullition or 
boiling. 

Some solids, such as arsenic and camphor, readily pass from solid 
to gas or from gas to solid without becoming liquid at all; these 
are said to sublime, and either process is called sublimation. 
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Place a inasB of pouiided ice at free:^iag poiiit in a vessel and 
pour a lit.tlo hot water upon it. A therinouieter innnersed in the 
ice indicates no of temperature; whercniH, if the experiment 
he repeated with a tnass of water at fnHwJng point, a rise of 
tcunptr'attire rcmultH. And again, water undtu’ ordinary conditions 
Ijoils at a contain temperaturt^ called boiling ptnnt, and cannot he 
nnuh^ any liot-tm' however lugh the temperature k> which it may 
he exposed. 

Wlum lu'at is tlms addt'cl to a suhstance*, withotifc rise of tene 
peraUircs th(» lient is said to he rendtr’e«l latent I/atent heat is 
heat that is ahsorhcrl hy tlje Hnlmtams^ {luring the eliangc' of state 
fn)m Holitl U) lifpnil, or from litpiid to giw. It does not raise the 
tfempcu'atun' of tlu^ Htdmtaiurr 

(iv) Changes in other Properties, nve. many cjthar pro* 

pertitw of matter winch iirt^ modified hy lurit. ('hanges in the elec- 
trieal ct)iulition of hiHlies that ensue m\ tln^ addiiitm (W stjhtriiation 
of heat are treated of in (’hnpter XHL cliariu'ter of the riuliiV‘ 
tioiw (unittetl from a hot ImmIv varies greaitly witli the temjKiraiure 
ami prcMhu'es very {litlercmt re.sults. Smth projmrtiei as plasticity, 
viaeoaity, surface tensiem art^ also afVecUsl 

3. HOUKC’KK (IF HKAP. 'Hie prime source of our heat is, {»f 
course, the sun, By Ids rays thc^ g<nieral ttunperaiun' <jf the surface 
of the tmrth iitul of the atnuwphert' is tniiiut4dned. Phe heat reacln 
ing us directly fr<»m the surj is also made use of occiisif malty t{) 
accomplish defhdtc ohjiaUs, e.g. the extnnUion td salt freun sea water. 

The internal heat of the earth is alst» a {lirect sour**e \^hich hel|w 
to determinii the general thermal {‘{uaUtitUi t>f the <*arth, 

For special purpemes, however, \\v flraw U|H!in sec«mdary somres. 
Heat may he priKhiccsI hy chemical actiun, hy change of jihysirat 
itata, and hy enrrentj^ fd elet’trieity. It in also prtslucisl in mecliiifii« 
ciil {iperatiiuw such as frictumi, c«»ilisiim, compre}4siiitu iorsion, &e., 
during change cd the magnetic ctmdilion id magneti/.tHl IsKliet, and 
liy sponlaneoua clianges tekiiig place in iln^ structure td the iitoiitt 
id certain hiiditii. 

(i) Chimioal Action, The ordinary }>ro{'iiss id oombnitioa td 
fuel is a chemiciil c*»mhinaticm, most ummlly Iwtween cjirlaiii mid 
oxygen t»r heiwtien oxygt?n and hyilrogiur Tlu» lieiit of oitr ImkIics 
is rniiiritidned hy {exactly similar processi‘s, whirli tiilc«^ pkcii at a 
ilower riitii and tints preshtee only a iinwltuiile leiii|Msriittire, 

(ii) Cliaafi of Phyiiotl State. If steniii l*e pm»ml irilii water, 
this iUmiri etindeiiMM luitl gives out large i|imtititii» of liimt cliiritig 
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tte change. This process takes place on a large scale in the atmos- 
phere, and the heat given out during the condensation of the water 
vapour into rain has an important effect on climate. And similarly 
in solidification: if a mass of molten lead be placed in contact with 
ice, the lead solidifies, and in solidifying gives out heat which melts 
a quantity of the ice. 

(iii) Currents of Electricity. — If an electrical current be passed 
through a wire, the wire becomes more or less heated. This is a 
convenient method of applying heat in particular cases. 

(iv) Eriction. — It is well known that a small piece of iron may 
be made red-hot by rapid blows with a hammer; a leaden bullet 
on striking a target is often melted; heat and sparks are produced 
when a railway train is stopped by a brake; and when timber is 
sawn or metal filed great heat is produced. 

(v) Eadio- activity. — The recent discovery of the radio-active 
substances indicates that there is probably a store of latent energy 
within the atoms of some kinds of matter which is gradually assum- 
ing the form of heat. The emission of heat from a gramme of 
radium amounts to as much as 100 calories per hour, and the pro- 
cess continues for many hundred years. Estimates of the amount 
of radio-active material present in the earth, and of the rate of its 
heat emission, indicate that the heat from this source may be an 
important factor in the maintenance of the heat of the earth and 
perhaps of the sun. The heat is supposed to be derived from the 
internal energy of the radium atom. This atom appears to consist 
of a system of smaller particles called electrons, and the expulsion 
of an electron from an atom at a high velocity produces the heat. 
Each atom acts as a source of energy. 

4. MODES OF TEANSFEEENCE OF HEAT.— Heat may be 
transferred from one body to another by conduction, by convection, 
and by radiation. 

(i) Conduction. — If a short metal rod be held with one end in 
a flame, the other end becomes warm. The heat has passed from 
layer to layer of the rod, passing from the portion which is at a 
higher temperature to the portion which is at a lower temperature. 
This is the distinguishing feature of conduction. 

(ii) Convection. — When hot water is admitted into one end of 
a bath and cold water into the other, there may be great difference 
of temperature between the ends of the bath. If the water be 
stirred the whole takes the same temperature. The heated water 
has travelled from one part to another carrying its heat with it. 
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TIuh prncuwH m {‘allwl eunvciction. It in tlu^ princ*i|)Hl inoilo by which 
lu*at dinf ributcHl through tlu' uifiHH of a IluicL Owing to the cx- 
puiiHitni that takim pliu'c ou hontiug, tho dtawity of a t!tu<l that is 
rluuigiug Uuuporatun* in gc*U(U*alIy ditlcrcut in ditlcrc.nt parts. If 
tlia li<|uid be lu^atc'd at (h<» bottom, th(^ for<a< of gravity at. once 
cauHi'H the upper, i.e. the denser p<u’tionH, to fall atid the less derwe 
lowt*r ptalhnw to riw*, eurretUn (^f tluid being thun net up which 
ttuid Ui tMjunlizt* tln^ temp(*rature thnntghont. If a vt^HHcl of li(|uid 
be lu'iiltal at the t«»p th(*m^ currentH are not procluc<*d. 

Winds are produced by the unequal healing of the air in dif- 
hu’ent parts of tlu' world by tin* Hurrn rayn. 

Hilt water or hot air ])ipt*H are ofliui used an channelH by whi(*h 
a liot huitl may pasa tlirotigh and warm a building, d'he distin 
guinhing h'alur<* of c*«mv(*ction is that timmm <if a hot fluitl mn‘ve 
as veluidcH to convty tin* ln*at from phna* to place, 

(iii) Radiation. Heat oftmi pasHt's from one body to antither 
without conduetiiin <»r eonveetion. If the hainl lie held in front of 
a fire the warmth in instantly felt, alllmugli a draught of air may Ihi 
pnaamding from tln^ hami tt* tin* (ire. And, moreiiver, luait paHWw 
witli great faeilitv thnmgh an «»rdinary vacuum atid through Hi»me 
HulwtanccH without warming tlnuii, ctunlitionH complet<*!y at vari- 
aiu’e with tln^ proci^sMi*H of coinitn’tion ami convectiou. d'luH riUKle 
«if traimfertnu’c in radiation, lls dintinguishing feat un's may la^ 
Htateil m tlu' instant amaiuH flmruclt*!* of tln^ procesn, and tlie fart 
tiuit the tmnperature of tin* medium may he nnailVeted by the 
pimsagi*. 

5. NAdd'UK (>F lIKA’r Stnet* ln*at is traimfiTabli*, if. was for- 
merly mip|HWisl ti» la* a mattuaal but inviHibh’ fluid, Hn* tiuit! was 
fiilleti Oflloria; its pn^Hmnat in largt*r tn* smalbu* tpiantitics niiiile 
bmlies hot tir ctiltl. Ah a hotly weighs no more wlmn Imi I halt 
when coltl, it wa» necewsary that the llnid slmuld he ‘Hmpninler 
iililn l‘liit4 liypolltemH l♦\p!aineti ihi' tianHference tif heal m the 
|.)i*i4,f*iigi^ of li i|Ufyitity of tliiw fluid from ««ne sulmtance to tin* ullnu*; 
the expiiiiHion itml result h from healing was sUji|M«eil to lie due 
to tlie Hpitre iicriipietl hy tin* ahwirhed fluiti ; the cliiingt* of pliyHiral 
itote mils iikiii ill the proresa hy whieh Halt iliswiIvcH in water. 

llie nitorii* llieory failed, however, to give iiny refisoniililii me 
liliiniitiofi Ilf till? priHhiftion of heat hy friction, 

fill I tie lirpollieHiH that heat mini a iitatenid fliiich mdierii tlkl tlui 
lieiit tliii* tiiiinifeHteif romi* from I Tmai HUggeHtioiin i.verii miitie: 
Ilri4l| tiiiil it ciiiiio ft'oiii Hiirrtntnditig lawlieH; lyitl micoinilyi iImiI ilit 
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thermal capacities of the two bodies nibbed inixvthvr were diiitiii- 
ished in the process, so that the ((imiitity c%-dinh' ariiially |iir 
sent was sufficient, under those eonditions, t(» niuke tin* bMiin-h hot, 
About 1795 Count Itmnford, while on|,niged in *.iiii!un at 

Munich, turned bis attention to the theory, liin tatiiittii brrHinr 
so hot that when surrounded by water tlnw tlii* ttaiii f«i 

boil. The caloric did not tluni eonie from the waft*! mu naindiny 
the cannon, for this was hotter than before. Neither flie 

thermal capacity of the Imriii^^s dimini.shed by tiie 
they had undergone, dffie HUggi'.sti'd (‘xplanation beini: tluiH inade 
quate, Eumford concluded that heat wan not a inatei i.d Hind, .seeing 
that it could bo produced to any amount, tliaf the I ben reeeivrd 
explanation of the heat produced by friction wjih mU tenable, and 
that it was difficult to conceive anything to hn\e been i’«unmunieafe«l 
to the mass of metal he operated upon t»xcept it were 

About the same time Sir H. I)avy melteil two pjereK nf ire by 
rubbing thorn together. It was known that the wafer priHlttced fmd 
not a smaller but a greater thermal capacity than the lee, and tin* 
second of the suggestions tuentioned almve Iiecnun* nnienjible. 

These experiments showeil the caloric thetiry to Ite i|ntfe itieap 
able of explaining the production of heat by friction, dim In pfi 
thesis that the phenomena of heat are dm^ to I be million of ibe 
molecules of which all substances are conijMmtHl, ban been Him*e 
fairly established. 


CHAPTER I! 


TKMPKUAd’rifK 
The Thermometer 

_ 6. MEASUREMENT OF TKMFKUATniK. 
limits our sensationa directly inform m m lo the tmiinrruiiire of 
bodies we touch. A little attention, boweviu*, %vill tdiow- ibiii mir 
conclusion refers to the state of the mUmml hmlum imlv iii ibmr 
relations to ourselves. If the body toucbiHi uhutmrt beat rupitllr 
from or communicate heat rapidly to the hand, we Imve m ib,. two 
cases respectively a sensation of great cmltl nr nfm of grml lirai. 
Our sensation of temperature is connected with the latmtgn nf hem 
into or out of our bodies, and informs us of tfinl fi«*t of jnwigr only 
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l\vo art! at difnn’ont tauifXiratures when, on being placed 

in conimunica,tion, luait pafSHOH from one to the ot}u‘i’. If 

under hucIi (‘onditionH no passage nf heat take plact^, the two hedit^H 
are at tln^ nanu^ teniperalairt‘, oi* in thermal equilibrium. We can- 
not ahvnyH reatlily plata; two hodien in thermal communication with 
eac'h other, but we can phuu'. each of theta in turn in coitmmnicatiott 
witli a third luHly, and judge which is the hotter by their relative 
bt^haviour towards the third btxly. This is what is done wheti we 
tiHti an ordinary tluuatiometer. 

Nt‘ithc*r by our HensatiotiH nor by any other direct means are we 
abh' to measnrt* ttunpernlure. Hut when heat is communicated to 
a body \Vi\ hav<^ sc‘cn that not otdy dot's its Umiperaturc^ ehangt', but 
otlu'r (‘hanges also takt^ placu' .simultaneously; and sinet^ W(^ camujt 
nnnisurt^ thi^ Unnpm’ature itsc'If, we are com})ellcd to choose some 
jaui.icular Hulmtance, ns’.ord houu^ cliange that is t'asily (‘upable 
i>f nu^Huretmmt, ami assunu^ that this chaitge dot's really measure 
the eliange of tempt'rature. For orilinary purposes the stibstanee 
ehoHen is mercury etudimsl within a glass vessel, tlu'. tjuantity that 
is directly measurtsl lu'ing the apparent t‘hangi' of volume t)f the 
conhned mercury. ^Flum it is agrc'ed U> rtgard (upial (dtanges of 
vedume as ciU’ri'Hpoiiding to t'ipial (‘haugt's of tempcratun\ 

7. TllK MKlUU’lUAL THKHMOMKTFdh d'he reaHon for 
choosing mercury is nu'rt'ly om^ t>f practical ct^nvenitmet'.. It is 
easily seen that if change of vohum' lu' t4iken as tla^ variable, a 
huiil is Iwiter than a solid substance, lM'ca\tBe the tnobility of a iitiid 
enables us to delermitu' where the change slmll show itself, dims 
we employ a larg^' tpiautity etmtained in a reservoir, cmumunieating 
with a slencler itihe, and nearly the whole ehange of volume inani 
feats itself in tin* tula'. If the hulh be large ami the diametm* 
the Imre very suiidl, a sjuiill rise tif temperature pHsluct's a consider- 
able eltmgiUion of the mereury c<dtuun. 

Citlibrfttiea of the Tube. A glass tube is clumim, of which the 
bore is fine and as uniform as possible. It is, however, vtuy ini* 
|irtiliiilile that the liore is of exactly the same si/,e tlinniglmut its 
wliott.i length, in whudi case equal im'retiumls «if volume will not 
prcHluce equal changi's in the height of the column at mereury. 
For correct imlieations it is neressiiry tliat tlm volumes lietweeii two 
«ueei«sivii divisions iniirked on the stem should !>o equiil. Ilie tulai 
is thereforn oalibriitid. A small quantity id iiicreiiry m pliicecl in 
the Iw.ire, and the length iwcupied by the mercury in suceewive 
|Mirtiiitw of tilts tul>e m iwenraUdy mewurml Thti length of m 
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check radiation from the thormometer, wliirli \umUl hidi^ 

cate too low a temperature. The height c*l ihr in r* mI» 

served during this operation, and allovvaiiee niadf hn dr\ i.ii j..ii linm 
the standard height. The reason for (his is giu-n in Afi 

The freezing-point is d(^termiii(‘d ladort* tho !t«nliiig t 

62), and the thermometer is immersetl in (he steam a?i4 ii*»f in liie 
boiling water (Art. 112). 

Graduation. —Tlie length of tube hetween thene («»» Im 4 i 
is then divided into smaller lengths railed degn^rH, u Im h iii.o I i «|iial 
increments of volume of the mereury within, It b‘ar hi' ip»f 
uniform the lengtli of thest^ divisions will mux . 1 Io' uM!id«i m| 
such divisions is a matter of urln’trary rliotrr. «alrn *>iic m 

use : — 



I'’n’<'ziuj4 jmliut 
nuu’kiMt, 


“t 

Cen%ra(lo (0.) 

0' 

lee 

!«« 

Mimilujit (F.) 

\\r 

v,\r 

1 Mi 

Kwummr ( R.) 

O' 

SU ' 

Mi 


The Centigrade scale is ahmwt universidly miployrd in 
work, and will he used througlmut this l«Kik. 

The division into degret's is rimtintird alMno itnd hrhiw itir fiu if 
points. In any scale tlie readings below ;^eio fo ) jiir iii;irk* 4 iiiuoiti, 
thus: — 16“ R., which is tlu^ same ns - t’ m I |*’ 

It is clear from the above UMv that U Fnbirido u, i I ‘riit}girt4f% 
and 4 Rdaumur divisiorm occupy the same leiigfh im .iny gnri» inh,. . 
intervals of temperature on tlm ill'i' I llfl'i’l* »| r III 

the ratio of these numbers. If the jou'o on cimIi hi-, dr ttn*. fs rr/ 
ing-point the numbers exprcHsing the utbo’ *4 ioiv pat iiriil,.ir 
temperature on the three HcnleH would Im^ in iln’' ,4 tim 

lengths of the degrees, that m, if F, (\ H Im <’oiTr*'i|»i*ii4in,f irnmiwm^ 
ture readings on the F., C., and li. prides, wi^ rdiotild 

F J (J j U. 

But smee the Fahrenheit scale starts at .12" Isdow firr.«ii!g jioiiii 
the relation becomes 

I m 10 m I 1 . 

This formula will servo to convert ttuiiiMfriiliirii n-adiiiMia irtiin 

one scale to another. 
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SiniitiviMSfi, Le, (^apacJty to nhow Kinall cluui^c*a of tompera* 
dopoiicln oti tht^ rt^lation l>otvvoc^n tlu' voluiao of tlu^ hull) and 
tht» riidiiw of th«i horo of tho tuho. If a Im thc^ iiiti^rnid 
radiuH (»f tlin bulb and / itn loofcth, them itn voluino (at if 
(.!,) wtfi; ami if \n\ tho. ratliuH of tho boro and 
i\w longth of tln^ Ht-oni c•cn•l•(mpon<li^g to a <b'*gn*.f\ than 
iltf^ volmm .1 of tluH part ■■^^4 d'ho irna’oaws in tlui 

volunio iho inorrnry in tho btUl) whon ita toinpamture 
risiii'i I” (1 ill (Art. *JH)^ 

Inauat af/j *()U()l8a»l. 

By thin fornmla any rotpnrod tlogt’oi' of wnwitivnnaiis 
ran bo approximately cabndatod latturohand. Fig. 4 nhovva 
the nppm* and lower |>iirta of a thortnoiinaor made to road 
to I *^|j of a di^groix In order that nnoh thm’momotorH may 
hti of oonvoniont length the range in limited to a few 
dogniiiHi and both bulb ami bore are largt\ 11my am 
nmtd to riamiil arcnirately tmnpm’atnnm wliicdt are vary 
appro xi mat aly known, or j»matl variatiortH in tamparaturci* 

The rmtH'Vinr at the toji eonlaiitH mm'anry noma of wlik'h 
may, when rei|uirai!, ba paHHad over into the almn, ami 
tliiw vary tba |iart of tlie tamparature xeata over whieh 
the iherniotnater ean be iirnnh d1te aetmd meaning of 
ita imlieiitioim in any ease inuat be olitaimnl by etanpiiring 
it« readings with thtma of a atamlartl tliermometar of long 
iiinge. 

A liilli’sr ilimninnine *4 lie? luro’Uiy ihrriiit'mi’mr in nivi^ii in C’Imp. Wf . 4 

XVtt, On«? pouairttl jh»uiI ueiM Ihi% Ijiiwm-rr, tiniw 

i«l>% %**, lliiit, itsr iirt-iiiO rriii|*i-'iitttirr rrrfiriii^t «»a M\y i}i*aviiry tli««rmt»iiiiarr ^ 

Itriibililjf fiiiirw itr Umn nii’iiimHi. air tlir- {MtUtwma rmimut, tVhtoii iiaji Imm 

l»v fiirrn i«r tnmmil, twain-'* fiiiir riiiiwH Iw-’fia’p it » |it»r' 

iiifunait laifiitg lli*» llllmif nf n tlir-ranainarr it im nf »tiOift|lly 

fiiifl tii#'» liiilh r-t Hi fi It tir« i«t a«r a i**tig tifmr tlip priw'ifin. 

If ilio mm* |«iinl Im’ ilrO't intiif’il thm umiliiii-l rlmiiiii’ m r'i»iii|i|r'i«l» am m 

llif riiftP, flip r«Httrai^ti«*ii ««f fitr biilt* furrrn ilii? innr-iiry ii|i tlin 

Tims llfn |Hsifit *»r *4 tlip m‘Mlp Impin tli»|4»rr-il, fttitl *11 iIip 

*ffj liiglifH' thpy ttlnisulii Im, *riii« nfria may rittffiitl iii m ititiph w 

sliiiairtfi Ilf tllP rf'||l-iyr»t|n A l«-tl»|«*rary rtlrrl «tf llili* liilltllf.^ 

wliiift * tlifrtii«iiip|«'»r, mlipt l»»vitig imiarnNPtl in iiipitititt ir«« *ii«l 

l*»ilitig mmlmf, m aiplii pliirwl ill liiwititijtf i«ntt. Tim I#w4 |.r|fi|wrii.ltirp r«iy 

•*J‘* «ir ‘S" liiglipf tliMi tlm Tlii# tr«i|w»r*kry rlfpri in m wwk nr 

Iww, Tlip rfr«*f Im kw*»wii ami fur in pirry rrittiiig, 

Ts» fii«-l«s 1 fwrfwl iimnniriftl !lmrfii«aiir»trr in a iiMitlrr «•*! g’nml 

ilillli'ttliy, «iil !• tt«t ♦•riitiiA.rily a tHat-lpr of All tliertiipiiir.ff m m 
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important investigations are compared with a Htandard iiiHtruim nt, and a fid*!* m| 
corrections is drawn up, by wliich tlu; actual rcadingH can^ bo at onrr rrdu<’» d f»» 
those of the standard instrument. This is < lone at the National Phyriieid 
ratory for anyone who desires it. 

8. THE ALCOHOL TlIEl^MOMETER.- Sinro mt^rcttry Uvvivh 
at — 39° C., the mercury thcrmomctor cannot 1 k‘ ustui to indifitti? 
very low temperatures. An alcohol thornionndtn* may ho imni fur 
this purpose. This instrument is based on (‘xactly tiie snnio jirin 
ciples as the mercury thermometer. Almolutt‘, aicolmb lefind 
whose freezing-point is ))olow — 110" is (jftt'n tiM’d. Thr gra 
duation is partly performed ])y companson with a imu'tniry tluuino 
meter, and then continued downwards on tlie .Hanu^ scale. Alrulnjl 
expands much mortJ than m(‘r<'iu‘y when heated (t> the same extent. 
The degrees arc therefore mmdi longer than t»f an exaotiy 

similar merctuy thermometer, and the zero (UTor (d' an idenhoi tbei 
mometer is negligibly snia.)!. 'flu* inHtnnmml .slnadd bf» kr|il 
vertical when in \ise, bccaus(‘. alcohol wets and ndlnwt'h to the gbif^h, 
Since alcohol boils at 78" such theimomtd(n*s may also be tt^ed 
to measure many ordinary tomp(U*aUnm They pon^ens the adutn 
tage of greater sensitivenesH than the ordinary mercury thermimfeier 
owing to the larger coedicient of exjmnmon; nntl tlie i4|ie« ifie 

heat and density of the licpiid are both }<»w, tliey do n«»t altm the 
temperature of small masses in which they are immei^ed niMdi 
as do mercury thorniomoters. To avoid distillation td the bqnnl tl 
is sometimes nccess/uy to warm th(^ Ht<un m well as the Imll*. 

g. MAXIMUM AND MINIMUM THKILMOMKTKHS. Tli«w 
thermometers arc used for registering the highest ami lowest iem 
peratures reached during any given perhsh Ah (he leinjaniitnieH 
are recorded by the instruments themselves, they are eiilbnl m4l 
registeritig thermometorK. 'rin^ rc‘giKtrHtion is often ellhcti'd by 
means of a small piece of some suitable solid whieh m euiitiiiiicil in 
the thermometer tube, and whost; mcivements are eonfiolird bv the 
liquid. Every liquid behaves as though its surface were in a ftiiiie 
of tension, and exerting a contractile f(*ree, ^Fo pitni'*'* the niiifure 
of^a liquid requires a certain force, and tlie resiMiitiire t«i iiiiilion 
offered by those small solids is imt sufficient to eflert tin*. They 
are ^ thus pulled or pushed along in eontfiet witfi ttii^ liiyer, wlnJe 
position they therefore recottl 

The oldest form is Six’s, an alcohol thermometer in wlnrh ilie 
column of akohol is broken by a threml of mercury (fig,, ri|. U in 
both a maximum and a minimum thermometer. Ilm lurge btilli ci 
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18 fillacl with Jileohol hikI t’oiiiuH'trd at tlic 

Uip with a U tiihii uita \\hii*h tlu^ hIcoIujI (% m 

alw) wltih* thi^ luwi'i* part c)f thin f#L 

tuhci m fillt‘d witii imi’ftirv. A ruiuiim i»f v 

ali’ciluil al«u fillH iht* rnuaiiuler of the i" 

U ttihii, an«i may rxpiiiul into Urn aip 
ahovti. Immt'rKiMi in t-hi* ah’t>h(»l in (*iu*h Ij , i: I 

arm ih a lii^ht itulvx (aliown anlarpnl B - ^ 

at K). Hir iimirummit in “ at*t ” hy liring- ^ 

jiig th<' imh'^inH tnt«» (’unlact wit h tim cnaln ||| y- !i .,r 
tsf th<^ nimTuriii! ri»himn l»y tnranH t>f a H w 

magiH't* luul iiH i\ns iiiruhnl in <’ »*\pantin | 

iiml rontrartH, thi.H t’»*htmn of tu^a.vy lit|uiil *' 

inuvrn un«^ way ur (hr othrr tlriving tmr of ' j ‘ 

t!m intlrxrrt np tlir inUn in front of it. j 

I’hr Miirfarr (rnniiin of (hr mrrrury in nnf- j ' 

lirirntly grrat to prrvmt (hr indi^x from j 

tmtrring tho mrrrtiry, and a atrrl ^piiiig I 

H.ttarltr<t to jt.n nidi' pro'.nrh ag#iinf4 tlm ^ 

gliwa and provontH thr indrx from falling tJp 

whim tlm inmnuy irtirjitn down rithrr « 

arm. In I ho figuro tln^ ma\immn timipora I // 

turn indimtin! ta tUi " and t!io miiiimtun i ^ . j 

ir. 

Rtitharfurd’i Miixtmtiin and Minimum 
Thamoiilitiri am nopariito in»! numuna. 

In ilm maximum ihrrttiomrtm tho Inpiid m miurury, and llm iiidox 
ti^liowii imhirgod at i* ift tig t»l in a nimdl piorr of Kfoot oi* grapliilix 


lliin iiidi'X h ptiwhfd ill fruiil of llir nioivury 
an iho Inpiid oohiinii loiigltii^ii'i, and loft fito 

hind whoii lhi'< iiMU'imriid roliuiiii loirritlM. 

iniiiiiiiiiiii tlii'riiiiifiinliu*. wliieli m 
■widoly Uftod, tlio lii|iiid idrolinl; llii» itidox 
t«h«iwii lit #i ill fig. tij in iiiiwli? of gliiwn or ritiiiiitil, and i« Jiliirial 
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inside the liquid. When the alcohol expaiulH it. thnvH inmi the 
index, but when it contracts, the index in })rought buck juni iiwide 
the retreating column. There is no spring atiachctl tt) these in 
dexes, and the instruments must therefore be plaetu! in a lioih 
zontal position. 

Wegretti and Zambia’s Maximum Thermometer in hIhavu in 
fig. 7. Near the bulb at a the stem is (*(jntnietiHi ; when the 
mercury expands it forces its way past this obstruction, bnt 
contraction none of the liquid returns into the Imib. 1‘he bnigth 

- 


^tg.7 

of the mercurial column in the stem Uttts s('rvcs t<» indirntf* the 
temperature to whicli it has be(m exposed. 1lu‘ instrument is set 
by shaking some of the mercury in tlu^ colnmn <lnwn into the I»tilb 
until the bulb is full. 

A clinical thermometer is a maximum tlu'rmometer «»f this lyim 
combining also the characteristics of the instrument tig. 4. It i« 
used by medical men to take the temperature of their patients, and 
is therefore made sonsitivo and of the limited rangt! which tlnur 
observations require. 

The above irmtrumentH are Uiose most goetTHlly uwhI for the mriyuiioimsiiti *4 
temperature. In Home caH(;H it ih dcHirabh? or nocoftiiary •‘Uipb»y olbor 
A description of these in given in Chap. XVII. 

10. EXAMPLE. 

If when the temperature is 0** C, a nuTcury thormometfr rrtt*l!» t»*‘ tniii 
when at IOC* C. it reads 100*8** C.» and if the? lK»ro of ihr in pt’rfpi lly ryliii 
drical and the degree divisions of acjual length, what k the tvin|»«imtaro wiim iho 
thermometer reads 20” 0. ? 

The length of the stem iHawmm 0®and 100® whieh should i*iirrot|Minil ti» U'lif C. 
corresponds really to 100*8 - *5 lOOT 0, 

Hence 20 divisions on the thermometer eom»s|M»nd n» Ititr.l i IfICi k *Jf! ■ ‘Jlrtitl 
true degree divisions. But tht? wro mark 0” eorrrsjKUU'k to a tnip iriii|w'rattiro of 
•5®, therefore the true temj)erature wh<?n t\m thi?nncimet4pr ICF' C!, in aO'tItl 
f *5 = 20*56® 0. 

QtlEBTlONB AND KXEUCiHES 

1. What readings Centigrade oon»pond to 50" WJ 3** fj 

2. What readings Fahrenheit correspond to 10* (1. ? - *19*4* O.f 

E. The difference between two temimraturwi is 20 dt^gre^ii C’rtiiigrttitfi. Ex|»rf-^« 
that difference in F. and R. ftcales. 
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4. What is axpremed by th« sauw number in the Fahnuiheit and 

EtWuumr sealeH? 

5. What tenipf?rat.nn*H lM'twe«*n 40 * F. and [t0‘* F. are expresHed by whole niiml>ers 

on the (1. Heide'/ 

6. Wliat tern);H*rature on the C. widti is oxprt^mKl by a mnnlnT three times tis 

hir^t? m that ('xpreming the mune ttunperatnre <m the F. scahs! 

7. What eondithm must Ihi fulfilled in order that a Ch’ntignwle and a Fidirenheit 

thermomt'ter having tht' same Istre may have tluiir seaUi divisions of tspial 
length ? 

8. The meliing-jHiint of tin is 2iifr Cl What is it on the Fahrenheit s<*ale? 

IK A thermometitr is graduated tat that it r<!adM 15 in melting iee and 00 in 
muinid Mtt'iun. (Convert into Cientigrmle degrta^M the reiulingH 20 and 00 
taken on that thermonuder. 

10, Deserils' the i’onstnietion lusl aetinn of maximum and minimum thermo- 

metem. 

11. What i« meant by a **degret' “ i»n a thermomettir, say 14*’ (j,? What is change 

i»f tiiin|airfttur« I 


01 1 AFTER 111 

KXPANBIDN OF HOLIDS 


tt. LINEAR AND (UHilOAL EXPANSION, Solids expand 
in all ilirerinins when lnmt4H{; but sincn the tlircct numsunmiont nf 
vnlmini is sonnnvhat ditlirult, thn vidunn^ nf a solid is nearly always 
caknlatod fnnn lirnmr rnofMinrinnnnts, and t^xperinieiits on the t'x- 
jmnfiion of solids am ustudly inadn on hars. llu' iner<»a«o of length 
is eallod liaaar ©xpansion. that of volnmo onbical expansion. A 
nuithoti of diroftly deUn’inining mhic’id expansion is given in 
Art. :Pi. 

Thn ffillowing invoMtiijittioiiK apply to isotropir stilidg which 
oxpiiiid lapiiilly in all fliiwtiona. For tlic hehavitnir of crystids 
sen Art. iiL 


la. MEAN DOEFFIOIKKT OF EXPANSION.-^ The rhangn 
of length nndiirg<»no by latrs wlu»n himted has IsdJn frat|uontly 
nieasitriah and to make tho roanlt« nnivorsidly ap})lkmhIo tlioy aro 
oxprtwstiil It jairtirnliir way. 

Thn»i suppose it is ffinnil that the length of a mrlairi Imr of 
inotid III 0'*" t‘. is *ifi in.» anti iti Hf»" (I in ‘IMlBlb in, 'rhiin 


For sfi” nm of leftip, tn# lengthen by ‘CK175 in, 

... , *0375 .. 

kl. ♦ ** • *# ** ,.»# ni. 

8I» K 25 
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i.e. the bar lengthens by *0000178 of its own h'ligth at. O' on a 
rise of one degree in temperature. 

This number *0000178 is called the mean coefficient of linear 
expansion of the rod between the temperatures 0 and . 

The mean coefficient of linear e.x[>arjHi(>n of a solid is tlius flu* 
part of the whole increasci of length that. tak(‘s phua^ when a bar 
of unit length at 0" C. is heated from O ' i\ to v/ ' i\ 

If a bar whose length at O ' us a. elongaU's by an annmnt / when 
its temperature is raised //", then the mean eoidheient <»f expan.Hi<m 


between 0° and is 1 ‘ Sine(‘. .r is geiKs-ally vovy small eomparetl 
n a o . . 

with a it is in practice generally sufficient to take', a as tin* length t»f 
the bar at the ordimuy tempewatun^ of t.he air. It must be notit'ctl 


that the assumption is liere made that tin* bar (*h»ngate« a firneH u,h 
much when its temperaturo is raistul dt^grees as it dtees when the 
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temp(‘rattin*. is rnisisl oiu^ dt*gtH*<*. 

\\{) shall always employ the symlntl 
z for tlu^ lim*ar etM*t!i«*ient of a wdid. 
d'hen if r" lx* tin* tt‘inperature ttf any 
l)ar, we hav<‘ 

lamgth at 0* A I 

Length at t If It r:' 

13. METHODS OF DKTF.UMIN* 
IN(? (tOEFFIOIEN'rs. To deter 
x!iine the c<udii(’ient of expansion tif a 
nnd/al bar it is tiee<*ssary to know 
accnrattdy thc^ length of the Ixir iit 
two diffierent kntnvn lt*mperjiiures. 
The HmallnesH o{ tlie tnxpanHhnt rfiiiHti 
tntes the chief difhenity. Two mtilniik 
may lie emphjyed; <utlier tlie inereiwe 
in letJgth may he directly oi»«ervrd by 
means of a microscope, or obuined 
from the nuulings of n spln'rotiieter nr 
of a we<lge; or means may be imed id 
xmdtiplying the eflect in a kiiiiwn ratio. 
On the former principle it meilii«I in 


common use, whicli iaktcH notnewliai 
different forms in different laboratories^ may bt! iindmiitoiMl bv 
reference to fig. 8. The bar A is ondostHl in a tube 11 throngli wddclj 
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Rtcaiii or other suitable vapour may bo passed, and thus any desired 
temperature established. Oue end of the bar is fixed in position 
either by nwtiug nn a small slatt^, slab or by c.lampiui*^. To the other 
end is applitul the ('xtremity of a fine screw o whi<’li works through 
a plat(‘. I), and posHc^Hsc^s a large h(‘ad K having its circumference 
marked wltli a hundnul divisions. A spheronuncu’ is suitabh^. 'rho 
plate n bcung fixed in posititm, the bottom of the screw (! is brought 
into contact wit h th<^ fri>c^ tm<l of the bar at tlu^ higher atid again at 
the lowtu' of thc' two lemptu’atureH of the bar. 'I'he difierenee of 
length is obtainexl from tin* indieations of the serew. The niunber 
of comph'l.e turns of tlu^ screw and the fraxdion of a turn, ami also 
the piteli of the screw being known, the difierenee of length canned 
by tins cliange of ttunperntiu’t* of the bar is obt^uhied. Tht^ wliolo 
huigth of the I>ar at tlu^ temperattu’e t>f t lu^ laboratory must of course 
also be moamired, 

Thvn sinec 4 ( I + rr), 

wt^ havt.s , . 

1 f I ..p :t/ 

and Tj T., ami lf^ hmgtlis at the twti temperatures) btditg 

known, : is calculated. 

14. Method of Laplace and Lavoisier. 1 'h<^ npparaUw employed 
by liitplitce ami Lavoisit^r, in which the xvxpansion is magnified to a 
known extent, is indi 
eaUsl in fig, it 'rhe bar 
AH mounted tin rollers 
was firmly lixtsl at tine 
emi A, while the other 
end u was in ctmtiiet 
with a lever cUi attaehed 
at right itiiglim to flie 
axis of ii telem’o|H% n, 
which was pivoUnl at 
o ami dirtiet4sl t4iwani« ” rig.® 

a tliatiuit scale 

The fair Alt was first surmumiiMl by a trough containing melting ice, 
and tliii refilling i‘ on ihti waile was tiikmi, while a fhermomeftw in 
the trough wits nUo read, llu^ teinperitf lire of the ti‘oiigh atid lair 
was rfusiid gradually, ami m the bar Imigthems! the point li moved 
towanb li'iuid the telescope revolvexi rouml the jwiint n towards the 
jKMitioii i/oiA The tem|MWfit.ure of the bur and the rtmtiingn of the 




20 


HEAT 


telescope scale were simultaneously taken as tbc p,-n<.esH .•.u.ti.nnHl 
The actual expansion bb' corresponding to the scaH rojulmg u uuk 
obtained from Ae ratio between the similar tnnnglos oiin ami 
Thus RB' ; CC' : : OB : OCj 


: OB : OCj 
whence 15 , w < 


The telescope may Bo rcplaml by a mirnn- on to whmh m 
directed a ray of light that is rofloctc.l lawk on ho soalo, I hw 
arrangement douWes the doihwtiou <r, for tho do^,at.un of the 
ray of light is double that of tho tuirror. 

15. Method of Bamsden and Boy. (hio uf tho ho^t iiii^tluiaii in 
that of Eoy and Ranisden, tho chief \mvimm of whtmo nmmmUm 
are shown in fig. 10. Three troughs, A;n,A", am iditctnl inirallel to 



FiK. 10 


each other on a horizontal slab; a' and a" each contain nn iron bar, 
and B contains the bar to no exjmrinientcd on. All tljc baiw hiuc 
one end firmly fixed. At a short tlistancc frtnu each end t»( curb 
bar is fastened a vertical arm which rises above tin' top of I he 
trough. The two viprights on tln^ har in a" carry I he cyc|ii«iriii 
e,e' of two telescopes; tlione on the bar innide ti carry the tibjcri 
glasses 0,0' of the telcacc^pcm; thont^ oti the har in«hle a’ carry wm Ii 
a framework or plate FP' on which m market 1 a fine vmm. I'jii li 
telescope is in two separate parts, hut this is ttf no iniportiiiire if llin 
lenses are in the proper positions. Amm tint miitm of I lie ficlf! of 
view in each of the tubes is a fine vertical tlimiwi 

The three troughs are first filled with nndting ire, iititl iidjiwt 
ments are made, so that on kmking thrtmgh the veriiritl tlirwnli 
in e,e' respectively appear to coincide with the vi'rticiil on 
The trough B is then heated until the water in it kiib, ili« kir 
within it expands, and, as the end at o m fixtui, u’ m 
towards the right in the figure. The upright cmrryiiig cf aku 
a micrometer screw, by means of which 0' ii nciw tmrriefl t«rk iintil 
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tho vortical tlu’oadfi again appear to eoincidc an at first. No other 
part of tho apparatus has niovocl, a' and a" being still full of melt- 
ing ice. Idle indications of tho micrometer screw show with great 
acctiraey tlu^ distance through which o' has moved. Thus the 
amount of (expansion of the bar in n for a given rise of temperature 
is known^ wheuet^ tlu^ coefiicient is calculated. 

x6. The nuithod of liamsden, carried out with an elaborate 
rc'finement not bc^foro attempted, was employed l)y Benoit, who 
made many nu'aHurements of great acujuracy. In this a{)paratus the 
microHcopcH W('r(\ rigidly fixed to massive stone pillars, with their 
axtw vertical atul distant fnnn each other by a length L, which was 
very accmrately known. Each experimentol bar had a fine mark 
ncsar each (md, the 
distiuiea M bt^twecm 
two marks 
being very m*arly 
tlm satin* as t lie dis- 
t4Uice between tln^ 
axtm of the micro- 
scopes. 'rids Imr, 
placed in a trougli 
through which cir- u 

culated water t»f a 

known tempiirainn\ was aceurat^dy atljustetl in the plane of the 
reading tidcnmcopcH, and the ddleren(*e Imtween L and M wim nuMi- 
sured by a mhu’omettu- .scale, 'rhe disOince b(*tween the marks on 
the bar at various tem|a*ratur(*s was thus detcrminetl wdth great 
accuracy. 

The following application t>f this metluHl is readily practicable. 
The measuring ap|ia.ratUH ctumists <»f an actniraiely griuluated bar, 
along which slide two iidcnmeopes, having cross wires in tho eye- 
pieres, and micrometer si’rews by which the iimtniment^ may he 
timvetl itlfiiig tlie graduated bar. I'he distance iH^tween the centres 
of the eyepieces can ly this means lai aecuriit4dy tletermined. 

The exjauiment'al Imr has a line cn>Hs seratchiMl on it near i«U)h 
csrnli iiml being plaeetl insiile a suitable glass iulai parallel to the 
griulufitisl lair, the tidcrtmcojw^s are inijnsks! until ihrt centre of tmeh 
erwi is in the centre «if the fudd of view when tlie Uimtaumtiire is 
iliiit of the rtamu llius the distance Imtween these two |Kdnt8 is 
kfiomun Hteam m then {wissed through the gliiw tube, and whim 
the tix{airimtsiitel Imr hm taken thf.i Umi{Himture of the steam, tho 
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microscopes are again adjusted so that the centres of the crosses 
are again in the centres of the fields. The sum of the distances 
through which the microscopes are moved gives the elongation of 
the bar. Care must be taken that the temperature of the measuring 
bar remains unchanged during the process. 

It is not necessary for the microscopes to actually slide along 
such a bar; they may be clamped to a table or to a stone slab, and 
an ivory graduated scale be placed in position for the purpose of 
taking the distances between the centres of the eyepieces when in 
their original position, and the change may be read by a scale in the 


eyepiece. 

17. Expansion of Crystals. — A method proposed by Fizeau has 
been employed for substances such as quartz, graphite, tourmaline, 




&c., which can 
only be obtained 
in short bars. 
The principle of 



Fig. 12 


the method may 
be understood by 
reference to fig. 12. 
The substance in 
the form of a plate 
A with polished 
plane faces is 
placed upon a 
metal disk b, 


through which pass supporting screws c, having a very fine thread. 
Upon the top of these screws rests a plano-convex lens D with the 
plane surface adjacent, parallel and very near to A. The point / 
is the focus of this lens, and on placing a small source of light at 
d and the eye at e, a system of concentric rings alternately dark 
and light is seen, produced by the interference of rays of light 
that have pursued slightly different paths on their way from d 
through D to A and back thence to e. Any change in the distance 
between D and A is shown by an enlargement or contraction of these 
rings. When this apparatus is subjected to change of temperature 
the screws c and the plate a expand upward, and the difference 
between these dilatations is the change in thickness of the air layer. 
The coefficient of expansion of the screws being known, that of the 
substance A is then calculable if the change in the thickness of the 
layer of air is known. 



EXPANSION OF SOLIDS 


23 

In Benoit’s mensuramcrJts the apparatus was arjrlosia! in a rliarn 
ber with double walls in which any (Icnircd tanij>amtiirn niiilil Iw 
maintained. The light used prO(a3t«lt>fl from a Iam|» hiding ii Nulii^ii 
wick, and being directed horizontally on to the verfitiil fm-o of ii 
totally reflecting glass prism whi(di was placcHi vertirnlly loor ilit» 
lens and specimen, was reflected down to the studaee of a. Afli'^r 
reflection from this surface the light |,)aHHed up iigiiin to n^tli'ri 
ing prism and was received into a ttdeseope. As the light wim 
monochromatic, th.c fringes were alt(*rnat4‘ly dark and yellow. 
When the thickness of the air laytu' was dimitushed, tfiiw friiigen 
crossed the centre line of the field of view of the telesropiv 
Lot X — the wave length of the light can ploy ctd, and 

71, = the number of fringes tliat lawseci tlm rentre of ilio 
field of vision while the temperature c’hangc?d from to r.^; 

then 7h X = the dinuuution in thc^ tluVknesfi of the air lijifiris, 

This is oc|ual to the differenec^ hetweam thc^ expiiimion of llm 
stance and the elongation of the HUpiMulJng s<-riiwS| ij*. 


(A- 1 7“ (ni - 

where = tlu^ thieknens of the slic‘e of erysliil, 

=3 its cocjflieient of c^ximnsion, 

/.j the Icmgth of tht^ stipportiiig screwni 
= their ccHiflieient erf ex|mn«io?i. 

Hence » x ^ = (/,r, - L;.,) (r, ~ r,). 

The value of wan found l»y removing ihn ervatid uud 
the observation, using the polisiied haw- ttf the trijMni iw the reil,-. t 
ing surface. MoasunimentM hy thin inethod Imi,. leeentlv !m*ii 
made on rnetals at low t(un|KWiituri*H. 

Some results are given in the Uihle in the Ajijannlm 
i8. METHODS OE (COMPENSATION F(»U KNPA\.s|m\ 
—The change of length that Utki's jtlare with change ui lemi.n u jie 
IS sometimes a serious dillieulty. Two.if the m.mt imjs.rian! j.h. ,i 
nmasurements are those of length «inl time, Change frn,j»o 
aftecte bars used U, measure lengths, and the nieudli.’ |i,u t« j,. , 

and clocks. Various devices am in use u» reinedv the. H 4 ...ih, lo. >,* 
liability to variation. 


19. Bedard, of length. Our llriiish «i,.nd...,d ,.i l.nvih „ 
aetined with reference to the t(*ni|Mirattire (ii» K. jji; 1. { , ,,, 

correct only at that temixsraturw. In the Intlian ,1 o.„ 
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employed of the form shown in fig. 13, a brass bar ah and an iron 
bar cd being joined near the ends by ci-osa pieces m and nh. The 

expaiiKidiiH of brass and iron are in 
tho ratitv of 5 to .‘i, and th(\roforc the 
longUiB ec and 'mi wore made | of ea 
and nk When the leti^ths rd and ah 
increased or diminished with change 
of temperature tlu‘. aimis m and nb 
ceased to 1 hi parallel, hut tlie distatice 
bctwoon tho points n n remained constant. 

A somewhat similar arran_L(<*mcnt to tht* foroj^oinj^ m adopt.rti i»i tho mrtal rods 
that connect the levers in railway with tht' ptnuts of tlm milway 

metals. In 14, if a rtspresent Urn tnul of n nnl at th«' pointHmauK lover, and 
D the other end at the points themselvcm, it is i-loar tluU if ao w«‘n- a continuous 

rot! tht' pttiulH at i» mi^ht move 
with varying tcinpcrat.un' without 
any mt>vcnn*nt of a. 'riu' rod is 
thereftat' arranged as shown, the 
Fig. 14 part Kr, which is cut <nit, htung half 

tht' whtdc length. When tint rods 
expand, A and n remain fixed, the nwilt of tlu' t'xpansitm being mcrt'ly that the 
cross rods BE and of rotate round the ]>ivtvtH hh. 

20 . The Pendulum.— The theoretical or sitnph* ptnalulum is a 
mass of matter collected at a point and suspcmbnl by a weightless 
string. In such a pendulum the time of vibrat-ion wotdd be propor- 
tional to tho square root of its length. Tlu'. length of a rtuil jumdulum 
is the distance between two points ealled n^spcctively tlu'. cmitre of 
suspension and the centre of oscillation. Ah this hmgth is increased 
or diminished the pendulum vibrates slowiu* or faster, niai any clock 
governed by such a pendulum loses or gains. An ordinary seconds 
pendulum made of iron varies alxmt six secfuids a <!ay for a (‘hango 
of temperature of 20^^ C. The following mtuuiK aro used to remedy 
this cause of error. 

Harrison’s Gridiron Pendulum cansiste a framework of metal 
rods of the form shown in %. 15, those marked v being g<*ntu*ally of 
steel, and those marked 0 of brass. The arrangement is such that 
the steel bars are fixed at the top and in exiwnding lengtlnm down- 
wards, while the brass bars are fixed at the bottom and in e.X{mnd“ 
ing lengthen upwards. The central nUml bar |«wseH frendy through 
the lower cross bars and supports the bob. Tin? remaining bare 
are in pairs, but for expansion purposes imtr may evidently 
be considered as constituting a single bar, m that there are practi- 
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cally three steel rods and two brass rods. Supjiosi! thfdr lengths at 
0° are respectively Sj, .Sj, and the coeflieieiits •>! .sir'd and 

brass respectively and z.^, then at t" the bolt 
has been lowered by an amount (Sj + Sj + s,,)r,T, 
and raised by a length (6i + 6.j)v- 
that the effective length may have remaiiied 
constant these changes must be equal. 

(-’i 4- Sa + = (I'l + 

• ■!u+.5.i±3 = fa. 

i. 0 . the total lengths of the setrs of hkIs must he 
to each other in the inverse ratio of their emifli 
dents of expansion. This form of pemlulum has 
been generally superseded l>y one baaed on the 
same principle, but made of ^ino and iron» after 
the model of the great Westminster elork jam 
dulum, the form of which is shown in lig. III 
In this pendulum a central Iron ihkI a <?arritM 
a projection at the l)ofctom on which rests a tube 
of i^inc n. This jsinc tube is sur- 
rounded by a larger iron ttilwi 
(!, the two tidms l>eir»g joined 
at the top, I'he bol» i> is built rotuiil itiul riiit 
nected to the iron tulai* Hit's coeflleieiit fif exjuifi' 
sion of zinc is to that «*f iron in itw nitin nf Tt |<» 
2, and henets the hmgth «*f the nine utlm k lw‘«i 
fifths of the sum of the lengths of ifie sriJti r*«l 
and tube. 

In Ghraham'i Mirourkl Ptaittlitt ilie l«ili 
consists of tw^o glass cylimlers vtmUmmg 
the upward exiMinsion of the iiiw’iirf 
ing the downwartl lengthening nf tiie rr«l* mmi 
vice votm. 

The best form of tnertniriiil turw 

ever, is ^ Deaf i. In tlik fitmiluliiiii iliP umtmmy 

is contairuitl in a castdron cylifi«t»r» in in iliw ifin 
of whitdt the iteel rial of the I* 

with ite emi dipping inn* ilie inerniry 
metallic contact ensures the whole of the jauidiiliiin mi fli^i 

same temperature* 
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21. Balance Wheel of Chronometer. — Tho indications of a 
chronometer depend upon the time of oscillation of tho balance 
wheel. This period varies with tho moment of itiortia of tlui wluHd, 
which depends upon the grouping of tlu*, mass of the wiuud aroumi 

its centre. In order tluit the pc‘.riod of 
oscillation of sneh a wheel should Ix^ con- 
stant, it is n(?,e43ssary that wlum tlu‘. radii of 
the wheel lengthen the mass of tlu^ rim 
should move inward. ^I'he ritn is nuid(‘ in 
three or more pi(H‘.es, as shown in (ig. IT, 
each })i(3e(3 ])oing a (‘.ompound bar with that 
metal inside whi(di has the smaller co- 
elliciont of expansion. WInm tln^ radius is 
lengthened the fnxi end of the attached 
compound bar c.urve.s inwanl, and the masH 
of the rim is so adjusted by movable >serews that the tdlects cone 
pensato each other. 

22. LINEAR, SUPEUEiaiAL, AND <nJBI(tAL EXPAN- 

SION. — Suppose wo have a solid cube of coppcn* whose edg<^ is 
1 cm. at 0®. Then at 100'‘ tho length of the (xlge is DOC) 18 cm. 
The area of one face is therefore (1*0()18)~, I stp cm,, 

and the volume (1-0018)*’ = POOr)-! 09725822 (*. cm. Now siiu'e it 
is not generally practicable to obtain the imuisurtmumt of any hmgth 
or volume correct to within ([uantity to \hs nuximinxl, 

it is pradiaiWi/ meless to retain any hgurea beyond tlui sixth. Omit- 
ting useless figures wo have at 100' — 



Length. 
1-0018 cm. 
i.e. 1 + (-0018) cm. 


Amu 

l-0()2() H<|. cm. 

+ 2(*0018) H(|. cm. 


Volumi». 

POUfci c. c4m 
4* 2(-iK)lH) c. cm., 


which shows that tho coelHcionta of HU{)erficiul and (uibicid expinHicm 
may bo practically taken as respectively twice and times tlu^ 

linear coefficient. Tho abcm^ amy ho mad(3 a gtmeral proof by replac- 
ing -0018 by and nogfocting all imwers (»f ^ above the first. 

It may be UHuful to point out that if a hollow vohhoI \h' hiiiUHl the inomimj in 
volume tho interior in found by Huppomtig that Hpiu-o tt> b<i fdli*d witli tlw fmrtio 
material m that of whieh tho veswl is ooiuiMmotl. Kf>r if wo boat ii !u»ih*w unit 
cube of metal wliose walls art? very thin, twh etlge elongating by iiii amount 
then thtj external vohuuo of tlm cuIh? iKieomes {I | just im though it w»^ro w4id. 
The increase in the thickness of the walls atul the incrt^imi in th»' wpnce they 
enclose are the saitie whether the ititerior Im of nietal or of air. The inamiiti of 
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uw of tho Hpaco m the iticroaao of tho Holicl caiIks that may or may not 

hurts. 

23. KXAMPI.KS. 

. If }Ui iron fsar ht> 2 ft. lonj^; at 0** O. and incruaHts in Itmgth hy a qnattur 
n inuh vvlu^n placud in a furnsnus what Im tius ttunpuraturu of tho furnaou? 
fhaunt <sf linuar uKjsanHioii '000012. 

I^tsfc tlu^ ttniipumtun^ Us x". 

Tlusn Hiiu'u I in. ^ *0208 ft., 

hsngth at A*" . 2 { 1 + x('()00012)} 

^ 2-0208; 

U X '000012 *0208, 

X - 800'tV‘(l 

L This utMsfik'iunt tsf Hnuar tsxjMUiHion tvf a tH'rtain mutal in *0000117. How 
!i imiHt this tumiKintturu of a hlouk of tliu mutal Us raiwsd in order that it may 
ijwo ono |Msr tsunt in vsihums? 

Lot yn (X Us tins rims in ti'iniHsrattnns 

thun now vol. ; old v<sl. : : 1 d* x(*OD()0;if>l) : 1; 

hut ntsw vtsl ; old vsil. : ; 10 1 : 100, 

100 4- 4‘00a51) 101 

• X ^ 

' • 'OOOf.l 

. 2H4'U. 

Am, 2H4*ir(X 

, Tins Hnuar utwffiritsnt of tho uH|iani4tni of ir»>n Using taktsn aa *0000128, fmcl 
trtsa) tins iurrisiuiu in tho «sajm.t‘ity tsf a oylitnlriad HknunHsngims Udlur whi<sh at 
ruoxing jHiint U 7 motrtsH king and 8 in cliaiuotur whon Insated from 15“ 0. to 
Cl 

Clmfflrifsnt t*f ouhiual fsx|»an«ion for I ’ ‘OOdOOdk. 

Vtdtimo of Usilor at n ’*’{14)'* ^ ” t'uhio niotroH. 

„ „ i.n V^D T 

„ „ 150 n i 

Clhiiiigisisf volumo j ni5[ 'OOOO'kiOl} o.in. 

'K inu X •oaao ualm. 

5.^ Ii7*5 K n*t5581 c.thn. 
m 2-Hk5 lth***H, 

iivmnom and KXKmnnEH 

itioar usHsflloiisntu nf o^|»iai*ioii n.s»|niifiitl {[wv dogm^ CkstitignMlt?). 

Iron ... ‘01)1)0122, f Hold *0000151. I Htotd ... *0000107. 

T'.inu dMICKIlll). 1 Ct«|s|«^r *0000171. I UriPsH ... *00001^17. 

Cllwa ... *0000084. 

ifsiii’rlU? i‘iir«*fn!ly an misthoil of itn?ii»«ring tliu «»i»ffk*iunfc« «if i»x|mn- 

wiuii hy himt of ii «ihil, ini4mli«|| tho uiirrt?eti«iw ami prf«ntiim.» that would 
|jrolmhly Im ri»|«iri:Ml In prat^tiw. 
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2. Explain how to construct; a wcontlH imndulrun whirh i4jiill l. r|* rMir* , i ftiji*, 

in hot and cold wtjathffr. 

3. What change takes place in the diameter un >r«»n ulii^h ia«,i4si»H 

80 cm. across at 10" 0., when the teinjirnittir*- i f * .:«» r, / 

4. If the copper lightning*r(Kl of 8t raul'n in* tf ui |n p ., jj,, 

length at 85° F. 

5. A certain bridge is of iron, anti 300 yd, httn^. Fjttd if t » biUs, •’ m hm-jb 

during the year, assuming tlu' rangt^ of teiupetafuK t.. |« l:« ( *, 

45° 0. 

6. A gridiron pendulum contaiim 3 ft. <if ir»»n riHl, Wb.tf bnerlj ..| /y*, rtnl 

would he retpiired t<» Ik* used in its eeu^itnu f ihu • 

7. A gliusH botthi holds when tpiite full at lh«- ti iup« Sitf tii • ..f ja. hui,: s* * '.’o , m. 

of ice-cold water. How many fubie iiu h* ’* kI b..d3ijf: « a. t udi it i|,j. 

bottle as well as tlu* water Is-ing at ItUi t *, i 

8. From London to York is 200 miles. Find th« fM^i! |, ir 

between the railway mt'tals to nlhnv fui a oir ,<! |ijm |/ 

the rails are madt* tif iron, 

9. A bar of sttsel is 10 yd. hmg at 0' ( What h- ti , h o^ fh nf < * i 

10. If the steel rails of a railway art' H ytl. lung, huw t.ii apaif mwd flo y Lr phu rd 

to allow of a range of timipt'rnture of Ity F, ^nd thr iruji^ jHiyro 

at which they wert^ laid ? 

11. A bar of zine nuiuKures 2*000 m. at 100 C. Hmw ui|| ii !•» af n < * i 

12. The volume of a sovt^eign is '027»*2S e. m at j | ' Fu,,! Hi, . han^:*, of 

volume of a million stivereigns in euuhng fo-io p fi., < uu* 
supposing thtun to bti pure gtdil. 

13. Find the change in nrt'aof a ludlow eoppi^r Fidl I ft. n» tadmn ai I |u I** ulirn 

exposed to a tempt^rature of 2tJ F. 

14. The end of an iron lH>iIer m a ejreh' :i ft in tbanif irf nf O ' { *, U hat the 

change in its area when heated to too t 
16. A steel rod is measured with a tirasji mnle, tf thu ♦ ..n, , ? is/th »>f H.r 

0“ ia 74 cm., what would Im* the length at If." ummutr^ t.y ilu'' l.i am m «h, | 


CIIAITKU IV 

EXPANSION op 1, 1(^1 11 »s 

24 . rho Tn&.in photioniBiiii of th.^ (ixpiMtHinn nf litpuii’) uiOi j.j 

crease of tomporuturo may la* shown l.y k a ..o,o!..-f ,4 ,.,1,1 
able liquids in th()rmomet(ir-H}mp(*(i tniM'»(fig l.'- jwitli Lu),;. l.ullw 
and heating them in a hath from Uii' t.'nij«’mtiui' >4 ihr iut ‘I lo’ 
liquids should at the I'ommtmfmimnl all Hiami ui ihr nuo.- iii-iK'h!. 
mn, in the tubes. Then as Urn UmiiH<nitnr.« .« gra.im.lh ih.-d 

facts beconic apparent— 

(i) The liquid in each tulto ri«w cnnaiilnralily, »tln.tt i(tg <. miirh 
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greater rate of expansion than Holids exhibit. For example, mer- 
cury ex|MUuk alKHtt mvmi times as much as glass, 

(ii) The amount of expansion is 
(litlarent for each licputl By making 
the experimemt carefully with tubes of 
the mmw dimenHions a fairly imeurate 
practical ifit*a cd' the relative apparent 
exiiansibiliticH may be obtained. 

as- ABHOldITK ANT) AP- 
PARENT EXJ^ANHION. It is evr 
dent that in the pnwitnw experimerjt 
the ecuitidning vtwscds must also have 
expamled, Thti incrimse of volume observed in the licpuds was the 
excess of the ex|sumion of th<^ liejuids over that of the confining 
viMiels. 1'hi« is called apparent expulsion. The absolute expan- 
lion of a iieputi is the imtual inerease of its volume, which is etpml 
to the sum of tlm iucrcmse of capacity of the cont^unirtg vessel and 
the iipjiarent increase of voltuiie of the lir|uid. 

If the absolute eKjmnsioti of the liiputl were iHpial to tlte inereiis© 
of cajMM’ity of the vessel, the surface td the litjuid in the tube would 
remain at the mme level at all ttntiimratttras; ami if the vessel ex- 
fmndcsl nwm than thii liepud, the surface would sink in the tulm as 
the t4imperaturti was raised. 

'Phis latter effect may be obtiiiimd by sticklenly heating one of 
the liullia l»y a flam**, when the litpud sinks in the tube, l»ecauae the 
bulb hiw fixfiiindnd considerably behme the lic|uitl has begun to get 
wiinii. Ami converMcly, if (»old watim be thn»wn on the bulb while 
it i« hot, the rapid contriw^tiim of the milid forces the licfuid up the 
tuki. 

a6. Eilatioa bttwotn Ooofflobnts of Absolute and Appartnt 

Expiuarion.-- In ilimling with litpilds we are conc4irned with chiingtin 

of viiliimti only. Ilie mean ooeffloient of abtolute expansion of a 
liquid ii the |«irt of the wh«ilii inereiwe of voluiiiis that tekiis 
pliM!© wliers unit volume of the Hi|uid is heated from tt' Ut »*". We 
deiiolifi ifiis riieflieitint by f. Hupjame we have ii quiintity of lifjiiki 
«mtiiint*d in a griwluateicl tul>e, ami let 
V >’^3 real voliitiiii of liquid at O'* tX 

f rindlieleiit of absolute exfMinaitin of thti liquid for R 0. 

riiiiii, oiiiittiiig III! cciiiiidiiriiti«m of the eoittiiiriing vctiiid, wci Imvii 

Vtiliiiini At r* (X ss V(1 +|t). 
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Now consider the expansion of the vessel whoso coedunent (c.ui^ican 
is z. Its capacity at t° is greater than tliat <at 0 in the I'atio oi 
1 -p to 1. The number expressing any fixed volume, is diminishod 
in the same ratio, and thus, as measured in siudi a V{',sH(d, a real 

volume V only appears as — , and thci'ofore V(l + i/r) 

I +ZT 

But if S bo the apparent coeflicient of ex])atmioti of tln^ liijuid in 
glass, the apparent volume at r’ of that ([uantity of liquid who.-ie 
volume at O'" was V is 

V, = V(l + (H 
V(1 + fir) = v]-±,.r 

1 + ;//r = (I + fir) (I + rr) 

= 1 + (<^ 4“ 4* ‘bT-’. 

If we neglect on account of its i?xti*emo HtnallntwH ni*- 
reduces to 


The coefficient of absolute cxpanHion of a li<|uid in than very 
iiearly equal to the sum of the (‘oelHcient of appnnmt t^\pnnHion <4 
the liquid and the cootiieiont of cubical (‘xpauHion of tln^ ctmtaining 
vessel. 


27 . MEASUREMENT OF ABSOLUTE EXIL\NSlON. 
is one method by which the absolute (expansion (tf a liquid may he 



Fig. 19 


directly determimul. It is a fundament4d 
hydrostatic principle that if a liquid he 
poured into a U tulns it Htandn at. t lie wime 
height in both arm.H a! the inht*; hut if 
two diftcrent liijuidH which de not mix he 
poured one into each arm, then tln^ lungliiH 
of the free surfaces above the level iif the 
common surface are invm’sely proportional 
to the (lensitiaH of the liquidH, 

Suppose then a* U- tube ii/«/r (hg. Ill) to 


coritein a quantity (jf Ihfuid at If* (b; tlui 
liquid will stand at precisely the mum height in each arm. Now 
let the arm ah be surrounded with a cylinder (‘ontaining melted 
ice, and the arm cd with a similar cylhider throngli wdiich Mteam 
at 100 ” C. is kept circulating. 
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The? litfuicl ill rd, ('xpantlH juul iHaannoH Ic^rh dcinHa, wliila tlmf, in 
ab cnntraatH nnti iiin’onH^ tlt'imo. A raiwljnHtUHnit taken phwo 

antil the rt>hnnn uf lenn denne liquid halaneiw the (•(ilunui uf dtamer 
ik|!iid. When a eunditinn ef equilihrium in eHtabliHhc*d, if the luhght 
of the. HUrfaeoH a mik! e ahtjve. the nxin Ini uf I he I'omieeting IuIh*. Ihs 
me.amu‘iHl» the lenidh ah reprem’iitn the vuluim! of a quantity of 
liquid at \ and e#/ the v<»hunt* ot that aanu* uuihh at ItH)". d'luH 
m tpiite independent <»f the expansitHi t»f the tain*, itst'lf. If tlui 
tuhen aif and ni he of diflertuil Heetmnal arean tlie renult in the Hatue, 

A roiifc^h in wlm h tin- iif fl»r hrn'lit'i uf thr ruhnmm in 

twily M*’>'n, nmy }m’ miwlr Uy niUt’siUuinij,' -’juritn uf tuijM-ntUM’ fur nnn'fniy. It. m 
te eliHttHr thr /»ii* at «innn*’i' tu urijrr Im rhrek (‘ni-rmtii in the 

28. Expaniioii of Mercury. An invvvnry in the Hulmtanee gtmev. 
rally nned for tltennoiueti ie purjioNen if In important that itn eoefli- 
dent of expaimioti nhoutd he aeettratidy tlelei luiiuMl. Many meaHure 
manta Imve tharefor«» been inad<» of thin quantity. d‘he firat i»f any 
aeauraey were made !»y !>nhmg ami Petit. Hiey Httmnnided ilia 
cohunii t'd (fig. If* I with a eylindrieal halli of oih heated by a fttr 
mwHk and they detmiuiniMl if?* tinqieiature )»y an air tliermometer 
(Art. 1 1 * 3 ) tmmmwed in the oil. The heighta of the HurfaeeH a ami a 
ware nnnwureii by a ratheiomeii*r la teh*aeo|H* with ita axia hori 
iiontal mounted on a vmiieid graduated mei4il bar), dfieii main 
roHult« may hr* tlnm lexhibifed: 


t«iin|»roi{nr«i. 

II’ e 

i 

lo» e 1 

i 

',»<«>■ f • 

i* 

1 Irnkthl 
j itilnniii. 

1 

1 i 

MU-’^U 

1 1 loir MMiqMii, 1 

I irmH I 

i ;*siih oon|N-|| 1 

1 

I rfoneiHiul hh| 


From ihe^e re«ulta if- in idear that llie eofUlirieni for iiiemiry i« 
alimit AMMII-H, iiml the ligiir**.^ dnov llial the mpaiiHiuii tiikea pliire 
at A gnidtiiilly inrremung late m the lemptuaiure riHef*. 

Hiiveriil noiirri’-^ t»f lUTor were m ihene ex|irriiiieitf-«. of 

wliieli the immt were, (i) Hie ri«ifliei«uit of ex|wiirfiitiii 

iii-iiiiiieil for itir wa.w I, lay !aiwiie*ii value, aaglT fi, ivhernw I-iiler re-' 
i©iri*lir*i iliiiw it fo lie ihkIim, The tefujiera! ur<’S rwairdi^d by the 
tliertwiiiiemr w‘eri» l.|i«’refore low. tiii The io|m of the iiierritry 
CtillltlifW. ivtnm rwi-d were oiifaide the ballm» aii*l llie 01 ! iiol ladllg 
StiiTwl wm jinibiilfly tiol at the ajiiiie t.efii|ii*riiliire {liroiigluiitt. 
ag. lEptrimtali. tCegtittuli iii liw. ri-jirtiiiiiii ol 
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these experiments avoided these sources of error, and added to the 
sensitiveness of the apparatus by makin^g his vortical tubes much 
longer (1*5 m.). His apparatus is shown in fig. 20. 

Two vertical tubes of iron, AB and (Ji), were comuH'ted nmr tlio 
top by a horizontal branch AO, while at the bottom tin*, arms bic 
and DF were connected by a bent tube K(JF, from tlu^ top (»f which 
a tube GH led to a reservoir K containing air. Meixniry was poured 
in at the top of A and 0, and as it rose in tlu5 tiib(‘H ku, air was 

pumptui into k, ho that 
wlum the nnu'cury jtisi 
filltnl th(^ tub('. AO and 
overllowcd fnun a nmall 
hole on tile upper side* of 
AO, it stood about three* 
fourths up each of the 
tulx^H IC(J, K(n d'he sur 
factis P and M wtu’e tlmn 
at th(^ Himm Imight above 
the axtm of IIH and FlK 
'Ihe cohunn Aii was 
Hurrotimhul throughout 
its whole Inught i»y a 
hath of oil tif which tin*. 
t(‘.mperat ure was adjust c*d 
by a nann* lieneath. 'Ihe 
temperature of the hath 
was maiiifained uniform 
thnmglmut by a ntiirer, 
and registered by an air thermometer q (Atl,. iit’i). 

The column OD was similarly aurroundttd by a bath of eold 
water kept in circulation by entering at tin* bottom and eontinually 
overflowing at the top, the temperatun*, wliieh was maintained con 
stant, being accurately ascertained by Tuercury thermoiinUers plactid 
at different depths. The tulies ac and lu: were kt*pt cool by waUir 
which overflowed upon them frotn the cold bath. W’hcii "the oib 
bath was heated and the temperature td tin* tulm ab rtimi abovti 
that of CD, the mercury in ab dilated and some of it overflowed, 
the tube remaining full of mercury in a Ichh deiwe condition. At 
the same time the surface of the mercury at u fell in the iulie nn 
owing to the pressure of the air in K being grimier tlmii that 
exerted by the column of laiB dense mercury in ab. 
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30* Hiippom* thti <tf ihv warm inith t.u nmml to 

Cl| mul iiiiiintaiiird atradily at that tcouporaturo, whllv that of all 
the rrst of tin* a.|»|«irahtH \h al t) (\, and lot tlu* hidi^ht AH c'n 
== Ap vv A.n and E.M A,; tJion tin* proKHurn diu», t4» tln^ mar- 
cury at M in that tlno tu a roluiun Aj at tmiipnratnra r ( minm that 
dun to a column A,j at tomporattua* tr' (!.; luid tlm prcHHun^ at n in 
that <lu« to a iadumii Aj — h , at tf (t Ncnv arc each equal 

to tlm priwaure of the air in K, 'rhereftirt* if y ho t!n^ roellieient of 
axpanaion (or rliaiift*' of dennity) of nn.u't‘uryt mltuang thcio heights 
to 0*’ 11 wo have 



A, A, 

1 A . A, 

r ’ Ai A. i A/ 


In Rogniuilt H o^perimontH iho I'ltld column was not at O'* 11, and 
the hoighta and /q ■ ’ h.. id:«» rotpiirod roefurtion. 

31* llio law of the l♦xpamunn of moirury waa dedtieod l»y nu'ium 
of a oitrvo {1100 Art. tM). ’Hie iminerieat reunlta are given in the 
tfthlti an page 2111 HieHi* inve«tigaiii»MH of Uegniadt are tif great 
imfKWtanre, ami tin* re-Hulia utv regarded very iieeurate. l*hey 
have, therefore, oftim Iteen ininh* the Ua#n^ of further deterniinaiitniK, 
33. Artomitrie Method, 'Ihi» miuhod eonwmtH iu weigldug a 
solid in the givmi litpnd, tt turn lieon employed hy HidhUrmu ami 
Matthieiiaim in nivefUigaf mg itie expaimion of water. It. in neresnary 
that the voltnne of itie Molid at the dilVerent tem|«‘rature» Hlioiild he 
aceiirately km»wm am! to mnlie the tin^llnal iien«ili\e the ladid lilioiihl 
he one whone rate of eupainaon i» ?*mall r<im|gired wuh that tif llni 
liqiiicl, l!#i!l?i|.rtfiii ifiUermined the linear exji^ui^ion td a r*«i of gliisa 
hy iCiiriiideiiV meifn«h ami then formed the gliuiH info n hiilliiw 
•|*llfjre wd'iosi^ voluim* at any leiii|if?ralure roultl thm* lw» aiTitniiely 
cmleliliileii, A quimlify of ?yimi w.m pliierd ui the fiphia'e siilltrient 
ki make it niiik in water, and the rqdiere waj« ihen wnglieti in witter 
at diflereiit lenq«uatuieii, An the teiiijawnture of the wiiler wjia 
raimul, tlin volume of the s|,ihere inereiiwl iind the liemuty of the 
Wiiter fliiereimed. llie volume »*f the water dwptiirwi fi.e. l!ie voh 
nine of the Uptierei hiniig kmmn for every teiiiiwriiliire, mid ii« 
iniwa htiiiig giviifi hy the iiid$rjilii.»ii» of the iKdarire, the deitiiity 
wiw rideilliitiSii for iwh l.eftljau'»tlire, 
tlai^d piere# f,}f glim# eiit fltilll rt.M.ls liiiimr 

liti hiid jirifviutwty duluritiiiiwJ. 

C§«i| t 
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The arrangement of his apparatus is iiulicatcd iii fig. *21. Tho 
glass, suspended by a fine wire from one pan of a ha.laii(!6 

dipped into distilled water, coiitainod in a silver eylinder A, that 
stood in water contained in a vessel of /.iiu* u. 

wat.tn* in n wan 
heated hy meaim of a ctir- 
rerit of st(*ain that ('ntennl 
at (J, an ovtniluw piju^ u 
bihug j)n»vid(Ml (u k(a*p 
the water in u at a run- 
stunt I(‘V(d. Tin* t^xistenee 
of Htt'nin ahtn'e tlir surface 
of th(Ui(juid was prtwented 
hy a draught pi|)e F. 

/.ine V(‘SHtd was Hurrouuded 
by a vessel of W(hhI. 1'!ie 
wutts’ in A was kept st irrtnl, 
and its temperature indi 
<’attul by a dtd irate titer 
nuanrttn'. As t!u» \vati*r 
grew hotter the apparent 
weight of iht^ glass grew 
ifig. 21 greutt'r, and wtnghf H wer*^ 

addtsl to the other |«ui of 
the balance. An example will ilhistrate tin* prineiple <}f the eahsi 
lations and the order of the magnitinh's ohw’rved. Thus suppose 
the following to ho the data of an (*xp(a’immit: 


Known Volnnio Wolght in 

WctKiit In 

Mmn Ilf Wwtrr 

VniHinr of 

Temp. of Glass. Air. 

Water. 

ittaeliiK’wt 

Wfttrf 

4° 1 c.cm 2*75 u^rm 

1*75 j^rm. ... 

I , 

. 1 VA'Uh 

100“ 1*0025 (5,om. ... 2*75 

1*70 griia ... 

... *iai unit. ... 

.... 

Then density of water at 100* 




_ masH _ 
volume 

•0(5 

•iif.75 


, Vol. at 100” 

1 



*‘^?oLat4" 

■mr, 

1 ■iHni ■ 



And the mean coofficient of expansion of water btitwetai I C*. ami 
100° C. comes out *00044. 

COEFFICIENTS OF APPARENT EXPAKKIUK.^^ ^ Fur 




KXFANHION OF LIQlTfDH 8^ 

thedatcirmirifition of tlw <*tM!mriaiit44 of ap|mrant t',x|Mawion of licfiikk, 
two fltmaly iilli«Ml oii‘I4h«1h havo oni|ii<»yof!. 

(i) Kopp ftiid Pierr©, whimi^ ox|Hn’i!uotit-H luimtig iht^ bant 
on thi« tnicloKiMi tlnnr liquida in having largo 

bull«, luifl ilodiiood tho of ox|»ariHion front ihii riHo of tho lic|iii<! 
in tho MtaitL In thia motluMl it in noaoMiiary Ut kiii>\v c^xaotly the 
ca[Micity iMith of Um Indlt aini of tho diviniotw 
on thii 

Thoir apjmratUH in sh*»wii in fig. 2‘J, 

Tho givon liquid oontainod in a thorino’ 
niet«3r A wiw pliiood vortic-ally hy thi* i^itlo of 
a iimilar rnonniry thoniioinotor M in a hath li, 
which wiiH lit^iifod by n fnrHiiia% and whomi toni 
peraturo wiw rnoordod hy U. d1»o i^i^nin* i»f 
thoiie thonnoiiiotor'i* junw^d through a Hitiidlor 
Imth in nuitiiitdng oidd walor* which t»nt..orod hy 
i pilMi tMind, leaving at t:, nuiintiiinod itin aUiiita 
it II ooiiiitiint toinpomt-uriv Indirat-o l.hortno- 
meUifi m iintl «» contiyning inoroury iintl thi^ 
given litfuid roit|aH^tivr4)% wor«» placwl in ihf» 
upper oylindot; iiiiil Morvod to indif’i4f4? tho cor- 
reethuw noco-urtiiaii’d Uy thi?* arnuigoinoni. (*St!o 
Art. m.) 

Tho roiudtii olitainiai .Hhowoil that ihti co-> t’lg- s 

offleionifi o-f toijiaii^ion td all tlio !n|uidn triod 
are of tho wnito tirdor of miigntiudt% ranging from 11(1085 for 
hrotiihio of jili«ifi|iliorii-i» to iMilfi for otlior; and I hut idl Iii|nid« 
ilfMiipl fivHlor lit liigli tliaii at low loiiijunaiuroii. 

Ily iliaiatiiiiiitin thi iiiumoy m lluar WitI ii-iliig 

Ec^iwiilt's f*»f lUr nmtvmy, K**|*r«finl IWo’ «*l»liiiii«i 

ttf# *»f III*’ s*f whirli llirir llir^rfii«iii«a©w wpo? citfii- 

|«»ioL The* lip-iiiH !♦# t|**i #|»|mrriii t5-^|wni-jiii*ii Ilf lii|iiii|« 

ii’ffwt t» tW 

Tlli^ %'% iiflrti mlnptmh Tlni«» m-n tlir «‘ri- 

tWcicllt f f*il Wp liiiglil |*r«M'r4^i lino; 

f#i| tlif* *4 iiirruairy o* -iKafifs »«1i«ari| TI»p 

*4 tmtrmf lnpiiig wm m w«il«|r#l ill \il fiii4 

llll* Mittfi tfi e fur lt|r 

t&l llir r'l|«kloaai I #4 lli«’ a.|r*»|p4 lll Itlla TSt^mr. |r«*| fmr 

wllicll ^ 14 I.IIMWM Atl‘l tlirfi ill** r^n^mfmt 'll-#. 

All iit«lriiiitt»iii III lirditiiiry liikiriiiory nm% for tlii-i i% llio 

dilil4ititi»tjti f#r jiykiioiiititori « tif whkh m ilitiwii in fig, TA A 
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bulb A is connected at the top with a long graduated opcm tul)o n 
and at the bottom with a U-tubo 0 of fino boro, whicdi (^au be firmly 
closed by a padded stopper J>. 

The weight of mercury is found that at 0“ (1 fUls tht» iusf>r*um(mt 
from D to the zero of the scale on n; and also th<^ w<ughf fhaf. fills 


the whole tube up to some convenient scaki mark tm n, 'Hum) 
observations give the volume of the bulb A and tubt^ c f.ogtuJuir, 



Fig. 28 


and the volume of any nu‘.a.sur(‘d length on tlu^ 
scale B. 

Taking as known the ubsolutt^ eoeflirient of 
expansion of mercury, obstu’vationH tak<m at 
0° 0. and 100“ G. with nmrury (uiabh' tlu^ co 
efficient of dilatation of tlu^ veaseJ within thoH<i 
limits to 1)0 found. When this in known tht'. 
coefficient of dilatation (d any otluvr liquid may 
bo found by olwerving tln^ rim^ of tlu^ hqtud in 
the stem B for some definiit^ rist^ of tempt'ra 
ture. 

(ii) Weight Thermometer Method. 

— Instead of observing tlu^ changes 
of volume as indicated hy t!u^ ad- 
vance tip a stem, we can ciit tin' 
stem off at a certain point, k(*cp tin* 
point imuiersed in mcnnjry, and 
measure how much nnu’cmry flow.s 
in or out of the iustnummt wluni 
the temperature changim. Such an 
instrument is calhul a weight ther- , 
mometer, and allords a <‘onv(nucnt aioitiHfr 



laboi'iitory nmlhod of ibaiinniiiin^. 
the relative expansions of a solid and a liipud, or of twn. litjoidH. 
The instrument is usually lauit into t.lu'. fortu shown in 11^. 24 
The vessel is first wcighwl when empty, clean, and <lry. It iiT Iheil 
filled with the liquid ehoson hy the inetho<I inilirnUvl in Art. 7, 
While cooling, its mouth must ho kept imder the surface of the 
liquid in order that tho thermometer may Ihs always ((uite full. 
The hulb is then placed for some tiim^ in mtdting ire or in a vessei 
of water of known tompenituro, and its weight when full at tin’s 
temperature is observed. Hubtracting the weight of the vessel, we 
thus know the mass of tlio liquid within the tlierm<«net«-r at tins 
lower temperature choseti. The thermometer is thoti raistxl to a 



EXPANHION OF I.IQUIDB 


37 


higher tampt^^raiure, in a bith. Ah tin taitipariittira rises soma of 
the liqitul ovarih»wi4, and this in amight in a aapHula and weighed. 
Hubtraaiing ttuH weight from that last ohtainaci wt^ iiHcart^iin the 
mass c»f the li(|uid whic^h fills thi^ tharmomatar at the higher tem- 
perature. 

I1ian if Wj be the masH of iht^ licfuid that tills the thermometer 
when euld» anti m.^ the iiuimh that fiilH it when lujt, 

Vol. at T,," I -f ^ 

’V<»l. at w,, I -f ^Tj * 

whenre a ^ , 


Thus* stipjKwe tlie liquid to he glyeeriiH% and sup{>wici 


the weight of tln^ empty thmantmieter 

,, », thermometer fttll at C) S 3 

n . ^ . u ^ M UKr 

then th*^ wthglji of the glyeeriiiti at CE 
and n „ ,* n lOCE 

lh4*i 1 i UK)^ 


Wti thus have 




I 


I 

ion 


■411 


4*72 grm. 
I4d4 ■ , 

„ 

11*42 „ 

B*m „ 


•00054. 


34. Dulong and Petit employed the weiglit thermometer to 
(ktermirie the eoetlieients of iron luid platinum in the following 



fig U%%mmkm *4 le*fi usi*! Ilnlltittw 


ttiiiiiiiiir. A ri«l «d the iiielal %viyi pliieed in 11 ghm taila^ (fig, 25 )^ 
wliieti Wtt« tlifiii drawn oni at one end and llllisl willi iiiereiiry iii 
mttm kiaiwri low iemperature. Uu himting the ii|i|iiimUii tlie 
citry tliitt. irverflowi^il wiw 11 meiisnm of the ex|«itwiiifi of the iiiliti 
flm that of the wereiiry mmm ihai of tliii gliws, arid the two Iwt 
htlllg kiiowfi llie flr«i was iihteinidde. 

lait V| tas tile iiitertml rapaAdly of tlwi vt^l at (f, 
iiiiii Vg llit? viiliiiiie t»f tint litpiitJ at 0 % 
umi "^'*1 II *. »• ^hil 1^ 0*1 

lh«ii Vj V, + 
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Now let the apparatus be heated to t", then these volumes 
become 

for the vessel V,(l + "jt), 
j, mercury Vo(l + /a), 

„ solid Vg(l + 

and if Vq be the volume at 0 ° of the mercury tliaX csrap<\s, 

v,(l + yr) = V,(l + yr) + Vy(l + .r.r) ^ V\(l + Z,t). 

The volumes and Vy may be determined by dividin^c the musHc^H 
of the mercury and metal by their respective denHities, Vj simi- 
larly from the weight of the mercury that cxac'tly fills tlu‘ vesstd at 
0 %* Vo is thus known. The coefricionts y and Ixnng also known, 
the equation gives the value of 

35 . It is clear that the weight thcrmonu^ti^r may, when the 
coefficients of expansion are known, ho iti turn u.s(h 1 to indicate 
temperature; and for some purposes it is a prefiu’ai)h' form of the 
mercury thermometer. It has the advantages that mass in capable 
of very exact determination, whereas the ealihration of a sttun is not 
a very exact operation. On the other hand, tlu^ instunjumt nmst 
be of considerable mass, and therefore absorbs a large quantity of 
heat, and thus under some ciroumstama^s may stuisihly lower the 
temperature it is used to mcasur(‘,. 

36 . REDUCTION OF A BAROMETFdt RKADINtb Tim 
affords a useful example, and is often nccesHary in a laboratory, un- 
less a set of tables accompany the barometer. Siuet^ tlu^ density of 
mercury changes with the temperature, a eolunm of imuH’ury, say 
30 in. high, on a hot day, does not represent tlie Hanu^ pn'Hsurtf as 
a column of the same height on a cold day. lionets it is iieceswiry to 
reduce all barometer readings to some standard temperatitre, untmlly 
0 *= C. 

Suppose the temperature to be C., tluui if y be the c<Hit!ic*ient 
of expansion of mercury, the reduced height A,, is less than tlie 
actual height h in the ratio of 1 to I + yr. The cibserved height 
should therefore be divided by 1 + yr. 

If the height bo measured by means of a metallu! m’lde, a further 
correction is necessary on account of the change of lifiigth of tlu) 
scale. Supposing this to be correct at 0 “ (I, the effect of ri«e of 
temperature is evidently to make the divisions on the scmle too hmg; 
and therefore the number of divisions (Kuntj)ied by the column of 
mercury is less than it should bo in the ratio of 1 to 1 + where ^ 
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fs thci <if liiiimr of i\w iniit4-'nnl of whieh tha 

sealfi in Mlti* tilwcu'vod htaght A tmmt thun ha nmltipliaci by 

1 -f ^T. Filially, tlit‘ rtHlimail haight 

*• * 1 1 

or, what i« vtny nc*aiiy tha Hnnu\ Ajl -f «« i/) t}. Th« 

vahw of r for brasa ia •(KHRHHTH niitl i/ in *0001 HO 18 , whonro 

/i,, A; I -oouiiu i rj, 

whttu tlm walo In juiula i»f bniHH, and in rtirrarl at (f‘ (I 

37. (’OKKKcrnoN OF A TIIFUMOMKTFR Wlnin, m ig 

oftari tlio th«^ stain of a tharnioiiiftc»r in at a t4nn|Hn’atnrn roio 
gicloritbly lowar than that <»f tlio bulb, it in nivi^awiry Oi cJoiTonfc for 
thiMirrcn* tluis intriHluf*o<h I*nt tho rriMliiig ba lunt thr rorrortod 
tenijHirattiro r„, whm u tliviHitina of tho Mtoin urn at th« intiari 
cooffiriinit of aiijwiront rK|wui«ioit of tbn Ii«|uifl bring 

Tfirn a iiiorrury roluinii whomi Irngth in n flivinionn at r,, fiiw Oi 
1)11 cormrtnil lo thn tiniiiMu^ttoro If tlii« rohimii %vorr to riM« in 
temiairiiturr from r.^ to r,,, tim inm^ioif^ of height (whirh iiMiiwurrH 
thi itioroiiat! «»f voliimr) wottlii bo n o r.y) iliviHicms. Thi«, 

thareforn, m tlm (|tiiifitity to bo iidtlnl iti ilm reading T|, 

n, Tj f ao r,l 


38. KXAMFLhX 

!, A li»r«rfirt*?r hnvm^ « m-my t ai il;f I*"*, o-ark in, at 4fi” F. 

Wlmt li ill#’ in trap *»f tm-r* ii!>’ o-sliirrU i«» 3*i'' F. 1 

t ««f litir^r r»«|iNBHivit|Mfi *ti f«,r T" F ’CMMHII. 

„ ». *, „ iiirrtairy ■ ’ntMII, 

(i| Smiii AVr«r, 31ir< nmy Uiviaisini Um ^hmt Iwioiiiu tlir mmit? k twl«w 
il^ it«iiiiar*l l*'4ii|P'»rii«rr.. 1*hr- rr-arflmg i^ tm^ lii'nli in Ifip mtio »f 

1 1 + IK'fMItlllll} t« I. 

Tli»< tsirrrrij’a } liliMilT ■' 'Jir||»l*Pi tiL 

{ii| Mrmr in iks Jlrrriirf f 'WiiWfi. tli«^ t.« lfr‘ iti«tim»l «f 3f“ III# 

wrPfMlIwi titiiglit will h-m ihmt llip arOml b«?i||lit ifi iIip rain* iif | ISf’tlWl) 
to 1. 

True liPiMlii - m-mmlt ■ IrtfITOIII 
a»’46l. 

*4 A gliAi liiilb wttli i. w%ihmn flap «Ip«i w«»4gl». Ill friir wliisii rtiifity, 
llf*i |?tii» wli»ti IliP liiilti wiiljf m fall «f twwiify, *tttl lii'i |ri.ii* wlirii * leiigtli 



40 


HEAT 


of 10*4 cm. of the stem is also full of mercury. Calculate the relative coofRciant 
of expansion for temperature of a liquid, which, when placed in the same i)ull>, 
expands through the length from 10*4 to 12*9 of the stem when wanned from 
0° 0. to 28'" C. The density of mercury is 13*6 grin, per sq. cm. 

The mercury that fills the bulb weighs 107*3 grm., 


the volume of the bulb is 


107*3 


13*6 


= 7*89 c.cm. 


Similarly, the volume of 1 cm. length of the stem is 
119*7 - 117*3 _ 2*4 

10*4 X 13*6 10*4 X 13*6 


017 c.cm. 


Of the liquid the original volume is 

7*89 + 10*4 (*017) = 8*069 c.cm. 

And the increase of volume is 

2*5 (-017) = *0425; 

the coefficient of expansion 5 s= ^ .L 

8’0ol) 28 


= *000188. 


3. The weight of mercury which completely fills a specific -gravity bottle at 
O'* C. is 15 oz.; when the temperature is raised to 100" CJ. the; contents wtsigh 
14*77 oz. If a piece of copper is put into the bottle, and the lattttr filled with 
mercury, the weight of the contents at 0" C. is 13*3 oz., and at 100" C. is 13*12 oz. 
Find the coefl&cient of expansion of the copper, having given 

Sp. gr. of mercury at 0" C. = 13*6. 

„ copper „ = 8*6. 

Coefficient of expansion of mercury = *00018. 

(1) To find the volumes of the substances at 0" 0. 


Since volume =: - 


density’ 


Capacity of bulb in arl)itrary units 


If) 

13*6 


M03. 


Now suppose the volume of the ooppor placed in the ituirtuiry to Iks x such 
units, then its mass = 8*6a; units; and that of the mercury displaced = 13‘6x 
units. Thus the loss of weight is 13*6ic - 8*625 units. 

/. (18*6 - 8*6)tc 15 -- 13*3; 

X ~ *34. 


The volume of the copper is thus 
1*103 - *34 = *763 unit. 


■34 unit, and that of the mercury is 


15*00 14*77 


(2) CoeflSicients of mercury and glass. 

The apparent coefficient of mercury in glass = 

and the real coefficient = *00018; 
*•. Coefficient of glass sa *000024. 


1 

100 


•000166 ; 
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(3) Tht*n with tht^ notation of Art. 33 wt? havn 

\’i 1*!(KI. If •{)()(){«. 

V» -TtUS. luul .1 •(HHIU’il. 

V;} *31. to Im* found. 


/. ‘Oni'ii! f -ois) -31(1 1 1(H), ) } -Ttinti-oiH) Ma3(ii)oiM)' 
*3l I 3} , I-H)3 (IDO-M) I'OI.S r/ lDHh 

31. I'lmVo -7333 *31 

•{)t)23r» ; 

A. :i -(HHIOtH). 


QUKS'rioNS AND KXKUiiSEH 

[Whtui iu>t Htniinl, tho fortlh n’iit of ahmiluti' rsj|niU»uoii of niorcury tnay In* 
taken an ‘OOOIHI, E<tr othrr HnhHtiuu'on nr** flu* tahlon. | 

1. !>otwot'u tin* rta tlh'ionl »*f ii|*j*iuvut os^iHtUHnni luul the riMifHrii'nt 
of aUHoIuto oKjHinJUon of a lujuid, DowriD’ Ho|»iyntlt*rt niotlunl of dotorinin’ 
ing fcht^ ooidthninit of alwolnto o^pHnnion of tjn*n nry, 

2, IkiHeriho tho ordinary jiroroan t»f lioiormining tho vootiunont of ojciaumion 4if a 

H(}uid liko h1o*»!h»I or |iHiatHn. rtinoiiiU’rnig tlio noon, wary |»roiiiiniimry iiotor* 
minati«»n of tho oH|«aii-Hihihty of thr \o'wol ouij»loy«Hi, 

S. Wlmt wtudd U* tho otIVot «»f to at on a thorniomoii r if ilit^ rmHliriont of ox|ia,n- 
mon of tho worn * 0 ( 11)1 anti that of rin* i'nv»-lo|*fi ’tUHl'il 

4* (Mvim tho idiwthilo tnaithtnont of ox|«#u»«ion fd niormry and tho nidnnd ro« 
atihsiont of oK|ninnion of ghiaa, fdn»\v how to find tlio ii,f>i«ro«t roothoii’iife of 
f^xpiyiMion of nir»rrury in ?.da*»a. 

5, How may tho almolutf* m|*an-nMn of niiy non v«dat dr lainnl Iw- flirortly dotin*- 
mined I Kxplatn wliy iho l»alan»'tng of a h»»f agatn-^H a r»»|d ruhnnn rhnnnatrH 
the oxjtanm«in of thr tr«iwd. If thr rold rohiion at 4’ i \ vvrr*’ lU) rin. high, 
and the hot roUnnn at nf»'' C‘, \\* it ^ % u\. hiKdirr, what wr»nhl the id»«*i|uto 

eiHfthoii’ni of ruhn al r%|*ttn?»io» of ih«’ h'|tnd f 
0, A gliwa iKittIo hold«» when »|niir fidk at the trtn|«Tiilnre of nndting m\ 
20 0 . in. Ilow many otinmi of Unhng %viitrr will ii hold? 

7. If the rmdfh'ient of" a|»|»arrnl i'%nato%ion of nirmiry in what 

tiiai** of inureiiry will ovrrilow* ffom a wrtuht iltonnonirirr wliieli roniititigi 
400 grnt. of mrrniry at n’ i\ when the irmjwifure m rminrd |«» HD" (If 

8. Murdiiry i« idari’^ti in a grudnaird ^iiisight iiilw’* and orrii|iii»a 

iioiw of the *rhr»»iii»li how many «lrgrww tniwt thr iriii|«-?ral(ire l» 

mi»il to niiiftr ihr iiirmny I** HH dHinoifiaf 

9. Find the nmdiiiii of » fhrrniomrtrr wh»*fw^ iailfi in at HH)"‘ (*, wliilr tlir atnii m 

»t. 10 ' (k, ^n|i|iofnfig that the «ef»» at the Iwillittii *»l the sirlii. 

10. A witiicht tlirfniotniifrr i-oniaiiia i7fi7 urni. »»| niriTiiry si Ih" il, ami only 

l?‘i’4 at |DI|‘ i\ C,*iilridrtl«5 llir a|»|iMfc.mil of itirfriiry, 

11. Th« hifiiid III a rrriain therimnimlrr ha« wlwt 

wnidti tlirre U’lwem thi» ihorfiiofipsirr atiil tint tiirrrnry lliwr* 

iwwiiffter! 

IZ A lmrwii»li»r willi m staIw whmb \mmu it 11”' CJ. it««.k ml 
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778 mm. when the temperature is 20° C. What pressure in kilograms per 
square cm. does this indicate ? 

13. A solid at 0° 0. when immersed in water displaces 500 c. in.; at 30’ C. it 
displaces 503 c. in. Find its mean coefficient of linear expansion between 
0° and 30° C. 


CHAPTER V 

EXPANSION OF GASES 

39. EELATIONS OF PEESSURE, TEMPEEATUEE, AND 
VOLUME. — In considering the expansion of solids and fluids no 
account was taken of the pressure to which the snhstances wore 
subjected. Under ordinary circumstances solids, li([uids, and gases 
are alike subject to the pressure of the atmosphere. The magnitude 
of this pressure is continually changing; but while such changcss 
produce no appreciable effect on the volumes of solids or liquids, 
they produce a considerable effect on the volume which any given 
mass of gas will occupy. The resistance that air at atmosplieric 
pressure offers to compression is only a1)out one twenty-thousandth 
part of that offered by water. Hence the experimental study of tine 
expansive effect of heat on gases is complicated by the effoct pro 
duced by changes of pressure. These must therefore be (H)n8idere(L 

The pressure of a gas is usually expressed in pounds per stpiare inch or in 
grammes per square centimetre ; or since, as in the case of the atinosplumc, the 
pressure may be measured by the height of the column of mercury it supports, the 
pressure is often expressed in inches or centimetres of nuircury. The prt'Hsun! <»f 
the atmosphere is often called simply “an atmosphere ”. 

Any portion of gas that is to be experimented upon must n(U‘-es- 
sarily be confined in a closed chamber, on the walls of which it extu'- 
cises a definite pressure. If one of those walls be movaI>le, as is the 
case when air is confined by mercury in a tube, and if the i)n^KHure 
on one face of the mercury bo greater than that on the other, move- 
ment ensues until the pressure on both sides is th(‘. same. Tlio 
pressure on a gas is thus the same as the pressure aj a gas, and we 
think often not of the pressure to which the gas is subjected, but of 
the pressure which the gas itself is exerting. 

To describe the condition of a mass of gas we must state its 
volume, pressure, and temperature. 

The statements of the relations between these three variables are 
the ‘^gaseous laws”. 
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Wo have to eoimidor: - 

(i) llio relation lu'.tvvcHni the veluiue V and tin* prtwHure P wlien 
the tcm[)tu*ature r nnnaitus enn.st.iuit. 

(ii) The n'Latinn iH*tvv<u‘n the volume V juhI th(‘ U^mperature r 
when the preaHure P remaina e.onHt4uit. 

(iii) The relation iK^twcum t.lu^ pn'anure P and the temperature r 
when the volume V remaiim eonatjuit. 

40. RFLATION PFTWKKN P AND V WTIKN r IS (’ON» 
STAN'P. THF LAW OK liOVLF OR IMARIO'ITF. Ry pour- 
ing mercury into a U tuht^ (tig, 2(>) ehmed at a and open at /\ lioyle 
and Mariotte each found that tin* volume of the air in the arm tte 
was invcu'Holy proportional to tin* prenmu’i* to which 
it was subjected. If 0/ n^prescnt the common surfaci* 
level of the mercury at Htarting, tln*n in ord(*r to 
reduce the vohune t»f tlu^ cmdtmed air U\ (uu* half t»f 
its original v<dume, i.t*. to force the mcrcuiy up to 
the point i\ the ccdumu cd* imu’cmry (jIt must he of the 
same height as the barometer. 

If mure mercury he poured in at h until tht‘ 
enclosed air is reduetHl to one third of tln^ origitml 
volume, then the dilTcrcnec htUaveen the levels of the 
mercury surfaec^s is cf|ual to twice the hciglu of the 
barometer, the tota! preHsttre being lhrt*e atnniHphenm. 

And 80 on, IhiylcK law may be thus Hlait'd: 77ir 
volume of n< qHttntiitf of tjnn vuvios ifurisrli/ oh //ic joyH' 
mw; or, since the th'iwity of a given mass varies 
inversely as its vohnne, iht^ law may be stated: The tirusiiii »/ a 
gas in pnqHiiioooil io i/;i ptrmire. 

Hence if at constant temperaturt* a given tnass of giw occupy 
a volume Vj tuuh»r a pressure Pj and a Vfilume V,_, under a pri^anure 
Pi we have 

Vj P| Vy P,^ r/ aeofistant. 

41* The tube of llg. thi takea a more eoiivenieiii form if the 
straight }K»rtituw a ami h are coimeeted by a fle^^ible iiiilijirubber 
tube. CIreater t>r less prewiiure on the eontineii iiir i.« then olitjiined 
by raising or lowering the arm i*. 'Hie ditlereriee of level between 
the mercury iurfitccM in read on a aciile placed Iwiliiml tlie tiilai. In 
the appariitua «bi»Wfi in fig, 27 llie U tube him a ftii^k I* irrewed on 
to onti firm iit the laiint s, amt the larger voliiiiie of iiir ihiw dealt 
with timk» tlio iirriyigemoni nnire ienaiiive tliiiii tliii aiiiiple 
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tube. A graduated scale is placed beside each arm of tlio tube. 
A tap m serves to open and close eonimuiuca.tioti between the 
arms as desired, and a tap e allows mercury to l )0 drawn oil' when 
necessary. 

The volume of the flask F, as well as that of tlu3 tnl)c (3oniu‘,cting 
F with a, is accurately known in terms of the (livisions marked on 
the arms of the U-tul)e. 

To prove the law for pressures lower than that of the at.nio- 
sphere, mercury is poured into the ttihe at h until the surface li3\'el 
stands at aa' i the flask F, which is full of dry air, is tlien serevvuMl 
on tightly, and some mercury is allowed to flow out hy tm'niiig the 
tap e. The mercury will fall in ])otli tuhos, 
but not so far in m as in a-V. diflerenee 

between the two readings gives the amount 
by wliieh the pressure of tlu3 air in K is less 
than that of the atmosphere in t.(U‘mH of 
the divisions on the scah‘., in ttu*ms of which 
also the height of the baronu‘.ter is known. 
Several readings are thus takmi. As the gas 
in F is allowed to expand, its siUKiessive 
volumes and corresponding pr(*ssureH iin\ Urns 
known, and the successive prodiu^ts of the 
volume and the pressuia'. art3 tlu3 same. 

For pressures abovti that of the atmo- 
sphere the mercury is mad(3 to stand at the 
level c/ before tlui flask v is sere win i on, 
and more mercury is jxarriul in at 1/ to obtain 
the inci’eased pressure; the rise in ar is of 
course less than that in b'c', 

42. Application of Boyle’s Law to a Mixture of Gases. Hiip» 
pose a mass of air to bo enclosed in a vessel whose volumi'. is V arid 
let the pressure of the gas bo \\, If more air be. fonaxl into the 
vessel the volume occupied by the larger (pjantity is V, but tlm 
pressure Po must 1)0 greater than }>efore. ’Fln^ (ptaritity of air that 
was added also itself fills” the whoI(3 vt^ssel and iiicn^ases the 
previous pressure by an amount equal to the presstu’e whicdi this 
portion itself would have exerted had it alone oc(aipi(*d the whole 
volume V. And provided that the gases obey lioykFs law and do 
not act chemically on each other, it is imliflerent whether the 
masses of gas thus mixed are of the same or of different kinds. 

Quantities of gases whose volumes and prmures are reHjHietively V,P|, VfP/, 
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and are formi into a vt^Hiud whtme vohutio m Vg, required to find the final 

preRSuro F. 


For tht! tinst gun only F^Va 

I’.V,: 

••• = y^d’lV.). 

For tins liecond tmly F*/ V51 

IW.'; 

; IV y^dW.'). 

For the thinl only F./ V3 

IV' V," 

: /. iV' - J (IV'V."). 


/. i‘ t + i-j' + i*," » i(riV- + r,' V,' + p,"Vi"). 

V§ 


43. i.I MIT AT 10 NS OF 
BOyi.K’S I.AW. Bdyk/H law was 
long iw porfoetly exact 

ancl cciimlly applicable U> all gamm, 
until Despretx, by cndoairig gamm 
in Hinall t.uhm (lipping in nmvnvy 
on which very Eirong proHHuri^ waa 
excrttKl by a wennv, fotirai that the 
HurfacoB of the mercury in tlm tubea 
which ware at tht^ Kama htnght at 
low praH«uraK| w^ara at unatpial 
haightR at lugh praHHuran. Ah tlu^ 
prmmira incmaaad, carlHinic acid, 
fiulphurattacl hydrogen, and am 
monia diminiahad in voluina at a 
greater rata tlian air, whilt^ hydnigou 
(liffarad from air in the opjMmita 
diraction, I1ia raliiiiott IwU^w^atin tlm 
voluma and praiiimro waa ilifrarimt 
for aach gita, ao that cdimrly lloylti'ii 
law did not a|»ply Ui them ii!b Fig. 
28 «how» tha iipjmriitUH intnahicial 
by Pouilliit for tlia aoiiViffiiant dii* 
moiiitraticm of thi«ti fiiata. 

l)iil»fig lifitl Ariigii aftcrwanlii p*|icri* 
mitritiiii 1*11 ftir liy iiifintm i»f a vt»ry tall 
Ihiylii'i ttib», Tttp iiiPrcwry wm Ummi in 
at tlwi Iwnti ml tti» iiibi lf| a |iiiii»|i, awl tin» 
vniwaiii «f till? air iii tlip ulmri mrm wan rwl 
at iafcirimk as tlii* mmmrf in ilip l«m.g ana 
gmltiallj mmi t« a «f alaait m fl. 
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fundamental fault. Errors in measuring the heights of the columns art^ unavoid- 
able, and one is as liable to make an error of say *3 mm. in reading a column 
•05 m. high, as in reading one of 1 m. high. As, then, the air enclosed in the 
short arm diminishes in volume the unavoidable errors bear a constaxitly in- 
creasing ratio to the quantity measured, and in this case the errors were suf- 
ficiently great to entirely conceal any deviation from Boyle’s law. 


44. Eegnault’s Experiments on Boyle’s Law,— For moderato 
pressures Eegnault ascertained the extent of the deviation with 



extreme accuracy. Tlio 
more essential poi'tion of 
his apparatus is shown in 
fig. 29, in which A(J0 re- 
presents the Hoyh^’s tuhe. 
The arm A, open to the 
atmosphere, was about 30 
m. high, and the arm n, 
whicli was closed at the 
top by the tap o, was 3 m. 
high. Th(‘. lower portion 
of the tnlu^ Aun cont^iined 
mercury, of which any 
amount that was recpiired 
could by means of the 
pump (} be forced into the 
tube when the tap F was 
opened. The arm on was 
moat carefully gaug(‘,d and 
graduated, and elaborate 
means were takim for the 
accurat(^ measurenumt of 
the height of tlu', nuu’cury 
column in A. By opening 


Fig. 20 


the Up 0 the tulm n could 


he placed in eommunica« 
tion with a reservoir D, containing the gas to l)o experimented on, 
which, after having been carefully dried, was forced into tlu^ reser- 
voir along the tube E by means of a pump until the pressure in i> 
reached any desired value. 


The reservoir B being full of gas and the tube B of mercury, the 
tap 0 was opened and the gas admitted into the tube B until the 
mercury stood at the level of the point marked a. The tap 0 was 
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then closed, luid llii^ height of the rnereiu*y in a was ohservod. The 
tap F was op(‘iuuh and hy means of the pump ({ menniry was 
forced into tlu^ tube u unt il it stood ms'irly at a point c, halfway up 
the tube b. Tim tap f was then elosed. Tlie mercury of course 
had simultaneously mounUal in tlu‘. tube A, ami its height was again 
observed as W(‘I1 as th<^ (‘xact htught in b. 

The tube b and the r*twu‘voir i> wvtv. tach Kurrcmndecl by a vessel 
of water maiatairnul at a eormtant U‘mp(‘ratur(‘. 

In (^aeli east^ tht^ pr<^Hsur(^ in tin? reservoir u was first adjusted to 
the recpiired value, and tin? gas tlnm admitUul into the tube B. The 
volume was them r(?<lnced to on<‘ half of tin? (»rigimil vahn?. Thus all 
the measur(?mentH, wlnUlnu- at high or low prt'sHures, were made 
under tin? sann? conditions, and were (spially exact. 

If Hoyles law vvt?re rigoronsly true tlu? i‘XpreHKion VjFj/\'.T., 
(where VjVm ri?preHc»nt initial and final volumes and iiiitial ami 
final prt^HHures) would be always <?(|ual to a/u///, 'rhis was never tlie 
case. For example, whc?n l\ and F., were ispml to tin? \nvmnvQ of 
1 atid of 10 m. cd mereury respinlively, lh‘gmmlt obtained for this 
ratio the? folhnving Vfdui?He- ■ 

Air. i'wjBMnt' li.vdo»K«a». 

y.'I; 1 ■0(1117 I'llHU •mtV!l 

Vg a 

These results show that for no kmovn gas is liovles law rigeu’- 
ously tnie, that the aiinmnt ?if dcu iatitm from it is tliflenmi for eaeli 
gas, and that in tin* ease of hydrogen the diAiation is in theopptmite 
direction to that <»f the tuher gases tried. With air, nitrogen, and 
carbonic acid, Hiuee tin* initial prtshiei k greater than the final, we 
see that as the prt^Hsnre is inen*iwe«i the vt^lnnn* deereaseH at. a rate 
faster than tliat indic’ated fiy Iloyh? and Miiriottes law. 11 uh state'* 
merit holds fta* values of the pressure up to about Tb ainnmplnn'eK 
(sae Art. FiU). 

45. Boyk*8 IftW at High Tampirttum - All tla^ alHive experi- 
ments took plaec^ at ordinary tem|Mn*iitnres. Kx|Ma*imefil..H by Anifigat 
at tern p-ciffttu res betaveen iCHf ami slniwed tli.ai Hiilphnrous ariti 
anti carbonic arid de|iart mueb b^ss from lloyb's huv at liiglt l.lian iit 
low tempt?rfitnrt^s. There is llms reason to ihiiik tliiit- at leni|:ierft^ 
tlires snffleiently high abtive their lM*i!ing jwiints all gitnes would tend 
to behave as hytirogen 

46. A PKJiFKC,*!' it AH, 'file deviiitiiimi iif the nnire pertiiiilieiit 
gwei ' '-i.g, oxygen, liytirogen, iiitrtigeii, mrlainie oxkln ■ ■ from Ikiyle'i 
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law are extremely small under ordinary circumstances. It is, there- 
tore, usual in practice to regard the law as strictly a[)plical)le to 
them. In reality, however, the law is only rigidly applicable to an 
imaginary gas, which is often alluded to as a perfect gas. 

47 . EELATION BETWEEN VOLUME V AND TKM- 
PERATUKE T WHEN THE PRESSURE P IS (X)NSTANT. 
CHARLES^ OR GAY-LUSSAC’S LAW.-^Charlcs first remarked 
that the rate of expansion of all gases is the same; but this law was 
first published by Dalton and Gay-Lussac. In Gay-Lussac’s investi- 
gations the gas to be experimented on, having boon thoroughly dried, 
was enclosed in a thermometer tube having a spherical bulb A of 



known capacity (fig. 30) and a long stem which was accurately cali- 
brated and graduated and open at the end. The tmclosed gas wm 
confined by a short column of mercury m?/, and since the tube was 
open the pressure of the gas during the experiment was always equal 
to that of the atmosphere. The tube was placcKl horizontally in a 
bath, and the bath being first filled with melting i(‘.e, the tubt^ was 
adjusted, so that all the confined air was inside the hath, and tluwo- 
fore all at the required temperature. 'I’ho tom|)erature of the 
hath was then raised, and as the pellet of mercury was pushed 
out by the expanding air, the volume occupied l)y tlie gas at 
successive temperatures was observed. Gay-Lussac tried air, oxy- 
gen, nitrogen, and hydrogen at different pressures, and, as the 
result, enunciated the law that all gases when hated expand at the 
same rate, and the coefficient of expansion w ind^mideni of Urn jmsmre. 
This is Gay-Lussac’s or Charles' law. If a bo the coefficient of 
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expansion, then for any gas whoso volunio is V„ at 0" C. and at 

T© Q 

V. - V« (I + ar). 



When, corrected for the (^Kpaimion of the glaBs, (hiy- Liissac obtained, 
as the moan coofiicient of ex])an«ion of gant^H between 0‘'and 100‘’ U., 
the value ’00375; but wti now know tiiat ihin value in too great - 
the correct coefficient lueng for C’entignuh^ degreeii *00367* The 
causes of error were that gan is liabh^ to leak betwcani the column of 
mercury and the glass, since nuu’t'ury does not wet glans; and that 
sufficient precautions wimn tmt takcui to dry tins tube. Kxperimonte 
undertaken by Rudbcig showed that the latter condition was dif!i» 
cult of fulfilment, and if not fulfilled, greatly disturbed the results 
of the experitiuuits. 

48. Regnault’s Method, Kegnault’s apparatus is shown in 
fig. 31. The gas to Ix^ experimented on was contained in a glass 
globe B that (‘ommunicaUxl 
by a narrow tube with a 
manometer MM. A tubi^ i, 
communicating with the tube 
CD, served to intrt since the 
gjis, and to adjust its pnmsure 
to any reepured value. 1’he 
reservoir li was surrounded 
by a metallic vessel K, by 
means of whicli the teuipera 
ture of B could be adjustetb 
The manometer mm' was idso 
contained within a vessel that 
wiw kept full of water at 11 
constant ttunperattire r, 

tJniat care was taken to 
dry the globti n, the rorio 
municating tulicis, and the 
gM iteili The git* was ire 
troductid iiiUi 11 , while the 
V'ossel 1 wii» filled with melt- 
ing ici. At tlii« etagn of the 
operation the mercniry wax made to itand iit tliii wifiio height in 
the two tuhiii mm', and the gm in 11 wm therefor© at tliii alitit»|ili«rie 
pr^ure iv 

<0»l) f 


rii. 31 
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The globe B was then surrounded by steam from water caused 
to boil in the vessel E, and as the gas expanded the mercury was 
forced down the branch M and up the bi'anch m'. By turning the 
tap R mercury was drawn off until the level of the surfaces was 
again the same. 

The volume of the globe and of each portion of the tubes 
occupied by the gas had been carefully determined bciforohand. 

Let V be the volume of the glo))c B and a tlu) (H)efUciont of 
expansion to be found, then, neglecting the expansion of the glass 
and supposing that the atmosphoiic pressurti remained at the 
standard value throughout the experiment, wc have 

(i) Initially, a volume of gas V at 0*’ and a volume contained 
within M at r°; the total volume reduced to 0'' G. is thus 

V + 1+ ■ 

1 + 

(ii) Finally, a volume of gas V at a temporaturo 100'' G. and 
a volume Vg contained within M at a temporaturo r®* G.; the total 
volume reduced to O'' C. is thus 

V Vg 

1 + 100a 1 + 

And these reduced volumes are equal. 

.V+ V' == X. -+ 

1 "f ar 1 + lOda I + ar 


an expression in which the only unknown (piantity is a. 

Eegnault corrected his result for deviations from the standard 
atmospheric pressure and for the expansion of the ghiss vessel 
The final value obtained for air was -OO^ti? ov 

49. Weight Thermometer Method. The following method is 
instructive and easily practicable. J^et a large weight tliermometer, 
whose weight is accurately known, he carcifully dried, filled with 
dry air, and placed with its motith under merc^nry. Let the hull) 
be then immersed in steam from boiling water; the rise of tem- 
perature is accompanied by expansion, and air is forc^ed out. When 
this process is complete allow the theianomater to eool with its 
mouth still under the mercury, and complete the cooling liy sur^ 
rounding the bulb with malting ice. The contraction of the air 
is accompanied by the passage of mercury into the bulb, and when 
the cooling is complete the thermometer is taken out, carefully 
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dried, and agairi weigluHl I'hu mans of iiu‘,r('ury witiun it is tlms 
known: iot it bo inslrununit is tluni completely filled with 

mercury and allowcul to cool to 0” i\ with its mouth nmler mercury. 
It is then again weigluuh and tln^ mass of merctuy that exactly fills 
the apparatus at 0" (I is thus known: h*t it ]h\ ///.,. 

Then, neghwtitig the (expansion of the glass, ul, is })roporti(mal 
to, and may Ix^ takim t.o rt^prt'sent, tin* volume (d* a ccntaiii mass 
of air at the boihhig point of wat<*r, and ///., — ///j the* volume of the 
same mass of air at tin* fret'/Jng point. If the boiling point be taken 
as exactly 100‘\ 

1 f Knut m,, 

1 III., /Xj* 

Thus if tlu*! nuiSH cf th«' tln'nnouu'trr itHrlf h»’ t r,rm., that of Uio thcrnicmctiT 
and the uit*rtniry whioh mtorotl on x’oolinj,^ 15 nud that of tho thfiniiotiiotor 
quihJ full of nwivnvy VJ:‘A thru, nogh'i’tine th** »’Hi*numon of thi'( gliw«» 42%*? f», 

i.tj. 87’li uuitH, may 1 m^ tnkou hh tin* volume \hv itCt roir, luui 42*8 *-15, i»«, 27*8 
uuits^* that of tho air vvhirh lotuiiinojl nftor m>i»o Imd Unui oJijHdlrd. 

Thus 27**1 voIuiuoH at O ' l»m»uu' 07 Cl voluiiitv^ tu lOO , aaci 

1 \ Intia 
whfiiro a 

50. HKLATION liK'CWKKN 'rUF, 'rKMFFRATUHK t 
AND THH I'UFSSliUK V WHKX 'I’ilK VOFD.MF V IS 

CONSTANT. Hcgnault s ajtparatnH for the d(*t«*rmimiti«»n t»f this 
rektiem is shown in lig. 52, tin* g«’ncnd aMangt*mcnt and metluMi 
of procedure being the Haine m that indtralcd in Art, 4H, 

The main p«»int of ditrorence w‘a44 that tin* gas in the glcihe n 
was not allo'vved to expand, mercury being |a»nri*d in at iF in just 
sufticient quantitieH to ki*cp the- aurfact* ni the mark /mw the presiiiire 
increased. As no large* »|nantity of air enniamed within m it 
was not neeesHary to place tlie manometer m a liaih, 

Th© Mpftce around li was firMl filled wulli ici*, and by fHHiriiig 
mercury in at m’ or «irawtng it off at u m reiiuiri'd the level wm 
adjuited to the lixf*d murk k When I lie teinjan'iitiire tif it wiw 
wiiaiid to boiling point the mercury aurface nt some higher 

level inch iw the |:aiini c. 

Thu« II certain ina-^s of gim wim made to orriipy the itiiini! 
volume at O' m at tin* boiling jw»int, ttiid the diflereiice of the 
prewuriii to which it wm subjm’UMl in the two ciwisii wm ii f|ui4ittity 
p moMur^ by the height of the inercury c‘ciliitiiii /#>, llitn if F 


:i7a . mo 
*2i:i 272” 

I 

27:i‘ 
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is the height of the barometer (supposed constant and at its stan- 
dard value), the pressure at 0° C. is to the pressure at 100” C. as 
P is to P + p; and taking a' as the coefficient sought, t, V and 
"Vj with the same meanings as in Art. 48, and V„ ecj^ual to Vj, 
have 


we 



+ 100a' ^ 1 -)- a- 




and the vahio of a in the 
y 

small quantity ^ ^ \ , may 

1)0 taken as that obtained 
in Art. 48. Care was taken 
to ol)tain the exact tem- 
perature of B, which was 
not preeiH(‘.ly 100 ''. Cor- 
rection was also made for 
the expansion of the globe 
m '’iiie linal result was 
that for air the coeHicie,nt 
of iiK'reaHo of pressure 
with tenq)erature was 


In l^alfour Stewart’s form of this apparatim tlu' adjust- 
ment of tho levels is obtained, not by in or drawinjjf 

off mercury, but by plunging tbt' lowm* oiids of tbo tubpH m 
and m' into a rtsHcrvoir and rt'placing tho tap ii by a acrow, 
which, when turned, moved a phmgor in or out of this rtwir- 
voir and thuH raised or lowered th(‘ mercury. 

51 . .DIFFERKNCK HWrWFKN THE CO- 
EFFlCIENTa.-»-The value of the eoedic.ient a 
obtained for air when the pressurtt was constitnt 
and the volume variable was •0()3()706; that ob- 
tained when the volume wiyt c.otistitnt and the 
Fig. 32 pressure variable was *003663. I'hat they are not 
exactly the same is due to ihtt fact that tins gascB 
do not rigorously obey Boyle's law. In one case the gas eximnds, 
in the other it does not; and since with expanding air the volume 
increases faster than the pressure decreases, the coefficient connect- 
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ing tamporatnro and vohuno would necaHnarily btj greater than that 
connecting teiupci‘atni'('. and proKHure. If iioylc’H law were exactly 
true the coetIkhentH would 1 h'. (‘xactly the name. 

52. GABES OTHER THAN AHu— Htegnatilt in\amtigattHl the 
behaviour of many gas(‘H and found that tlu‘ law of e<|ual dilatation 
was only tnu^ for the more permanent ganen. For gmm more eaaily 
capable of li(iuefaetion the eoetruh(mtH of c^xpaimion diOered eonaider- 
ably fnnn the value .. i.|. Fen* example^ tlu^ eoefheientH for cyanogen 
were found to *()()d829 at (‘oimtant vohune and *00,1877 at con- 
stant presHiU’t^. 

53. THE AIR d'H ERMC )ME'rER. d'he rate of exparmion of 
air with rise of temperature in Huc*h that *J71 c,cm. at 0" V. become 
371 c,cm. at 100 ' G. If, then, nir be uned m a t InuanomtUTie atib« 
stance, it in mtmt convenient, in order tluit the degreen may bo the 
sarmi as thorns of the (‘entigrnde thet‘mometer, to call 0"’ 0. and 
100“ G, n^npcctivcly 271'" and 171’’ on the air thermometer. Any 
Contigradi^ reading in converted into a reatling on the air ther- 
mometer Hcnh* by adding 271; thua 4fi” (X and —17 ’ (X corrcHpund 
respectively ti^ 118 and 210 . On account t)f the very ekme agree- 
ment of this Hcale with that deacribeit in (’hap. xx\ i, temperaturtw 
expresHocl on tlie air tIiermomet<*r are (dten called absolute tem- 
peratures; and -271 (X, which would give theoretically a volume 
^aro for any ma«H (d air, in called the idmoluO^ 7,ero of temperature. 
We shall always write 0 for almohiu^ temperaltircH. 

54. GGMMINATIGN GK THE GASKtlHS LAWS. If tern 

peraturc^ be measured on the almtdule ac'ide, the law c»f Gay Lusnac 
or (JharleK tak«*H the folhnving simple form: raiumi' ttf amf nmsA 

of gm is jrni-jfHirtimmi h ih aMuU Umptmtur* . Sima*, tlnuj, V is pro- 
portional to d, ami to (Hoyles law), V m and is con 

stunt for the mum* nmm of gas. When the vcilume, pressurcij ami 
tamporaturii of a mima ui gas all eliiuige t4»gether 

V P V P 

■| ^ 5- I 8 rr; a constiint E, 

the iufiixtin | find 3 iitdiraiiiig, m liefore, initial iiml llniil valuea. 

55 * THE HENSrrY (d*‘ HEY AlfC. ■ It in often re«|tdiito 
to know the deimity, i.e. the mass t»f unit' voitime, of iiir. At the 
stend&rd teiiUHniiitini 0" iX* and 760 isiiii. of riiitretiry prewnre, the 
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mass of 1 c.cm. has been found to be *001293 grni. ; hence at abso- 
lute temperature 9 and pressure P the mass of 1 c.cm. of air is 

p = -001293 X X = -0004644 ij* grni. 

56. EXAMPLES. 

1 . In a vessel whose capacity is 8 litres are placed 16 1. of hydrogen originally 
at 120 mm. pressure, 5 1. of carbonic acid at 860 mm., 20 1. of nitrogen at 700 mm., 
and 2 1. of oxygen at 500 mm. pressure. Find the pressure of the mi.xed gases. 

Hydrogen pressure = ^ X 16 x 120, 

Carbonic acid „ = ^ X 5 X 860, 

Nitrogen „ , = ^ X 20 X 700, 

Oxygen „ ^ X 2 X 500, 

Total pressure P = i X 10(192 + 180 -f 1400 + 100) 

= 2340 mm. of mercury. 

2. A barometer tube of uniform boro is 84 in. long. A small (piantity of air is 
left in the tube above the mercury, so that the barometer regiHti‘rH 80 in. when 
the true atmospheric pressure is 30*05 in. What will b(i the true barometric read- 
ing when this barometer registers 28 in.? 

( 1 ) Initially the volume Yi of the enclosed air is 4 units; tht^ pressure Ih is 
the difference between that of the atmosphere and that of the actual uuircury 
column, i.e. 30*05 — 30 = *05. 

( 2 ) Finally, the volume Va is 6 units, and the pressure Pj is unknown. 

YiV, - VaPa, 

4 X *05 = 6 P 2 , 

/. Pa = -Oi 

The pressure of the air enclosed is thus *0i^ in. of mercury. This pnwsure 
added to that of the mercury column is e(|ual to the atmosplu'rie. prt'HHure, which 
is therefore 28*0§ in, 

3. A glass vessel contains 8 litres of nitrogen at 0" 0. and 760 mm. pressure; 
the temperature is raised to 15“ C, and the prtjssure decrtuised to 750 mm. ; wdmt 
mass of nitrogen will escape? [1 c.cm. of nitrogen at 0" and 700 mm. weighs 
*00125 grm.; c. coeff. of glass =: ’000025.] 

(1) Initially the 8 1., i.e. 8000 c.cm., weigh 

8 X 1*25 ~ 10 grin. 

(2) Finally, the volume of the vessel, and therefore of tht? nitrogen, ia 

8{1 H- 15(*000025)} = 8*003 1. 

At 16" and 750 mm. pressure 1 c.cm. of nitrogen weighs 
•OOmx^x^ggnn.-. 

8-003 1. -weigh 8-003 x 1-26 x X gntu 

7 6 288 

- 10*00375 X *935 
~ 9*3535 grm. 

(Z) Mass expelled = 10 ™ 9*3535 == *6465 grm. 
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A pitico (»f iron nu'aHuriuij; H)()(J (r.r.m. in at 0’ (J. aiKi again at 

300** C. What will lu^ itn appannit <*liango in wt»jghfc? 

CJotdIifitsnt of (‘XpanNion of air <HVM17. 

„ „ », inni (liinnir) *0000 12. 

Mivhh of 1000 of air at O'* l'*JU;igrm, 

ThtJ ohatigo of vvoight in duo to a ohango in tin? wt?ight of tin? air diKpIaood. 

(1) At O'* (1. voluim? of air dinplarfd UJOO r.fin. 

„ woight „ », 1*200 grm. 

(2) AtlOO'd. voluuu? of air dinplaot’d lOOO jl lOOiO X 'OaOUr^)} 

lOon-O f.rtn. 

At 100’* (J, 1 o.oin. of air vvoiglm •OOl'iO.'l |! | lOU(*0{).'i07)} grin. 

*001200 *. 1 '007 grm. 

W<?ightof lOOO'O r.nn. 1000*0 x *00120H ; POO? 

•0102 gnu. 

IntToHHo of woiglit 1*200 *04011 *5437 grm. 


QUHSTHiNS ANI> EXKm’IHKH 

1, motluMl of finding tho rootlhnnnt of inrroam? of rlaatioity of a mass 
of air tHumpying a iHnmiant vohnno, 

2. A hunilrod oubits jin?ho« of nir wngh 51 gr, wlion tht? torii|H?rafcuro i« €" 0. 

What will Ih? tho Wright «»f tho nanm vohinir of air wht n tlm toinpt?raturi? is 
20 ’ dn and iho pnwniro onr tbird of da origintd amount, tin? r.(H?tliri«nt of 
t!Xpanmt»u Inung 1 1/5000 f 

8. 8tat«! uoncTtm'ly tin* i lmrartrrmtir pro|HTti»’S of |n*rmanont and Kkotch an 

apparatus for dotriiniiiing tlioir roortirimt of rspanmon at rtiuntant vohntm, 

4. A quantity of oxygon gaa otnipira boo r.ftii. at 20" (!, What will la? its 

volunni at H> tho pit ’s^uno ri tnaining rouHtant I (5‘ht? loi'lhrirnt of 
©Kpansion ft*r oxygon m I l/'lOOO.l 

5. A tpiantity of gaa mnnipirs 5000 o.ont, at 275" f!. ami TfUl mm. prrwnro; find 

tin? voUnin? at 7*»0 nnm prrwuro if tin’ t«’mj»?raturo rmiain unrhangrd. Ali«» 
find tlni volunn? of tin? if ibo pro-natiro roitnim at 700 mm. and tlm ti'iii|n*r» 
ttfcuri! fall to 0 ' t 

6. A quantity of gaa orrupira f»HC) r.r'in. iit 17" <\ and 7?^0 Him. proaauro. Wlmt 

would Iw? iiH %'ohmn? |«»]| at 50“ if tin? pronaiiro riunani roualant f ami f/f| at 
tier and 700 tiiin, pro-wnro? 

7* A quantity of atr orrttpioM 10 r. ft, at 0" iwni nndnr a pn:?«iirw of 20 in, of 
mnrtniry. Wlmt will l«? ifa volutsm at 50" H undrr a prf^iirp of 1200 in. of 
nniroury I 

8« A oubiu foot of dry air wniglm 540 gr. wlmn tin? lhrrnn»niiil«'?r i« at 14“ C. ami 
tlm liiirornotor itl 50 in. Hbow that an volunn* of air will woigh alamt 

&S5 gr. wtnoi tin? ibortnoniotor i« at 7 “ C*. amt tlio Iwmniotor at 2li in, 

9. A thouwni rubio inoh*??? of atr at 5U i ar«’ otadwl to 0“ C ami »i iIm* «iiii 

tiw« tlt« ostornal |*rr«itiro tho air i» doublwl, *!*»» wliat m tin* vtiliittw 

tin* €?o#»llli*iriit of ox|mii«ioit of air for Pi*. l»ofig ’IMIUtllll 

10. IP^uritw liogtwnlPa atnl apiw^ratim t«* di'O^riiiiiio tlio of 

«x|iftiisioii of a tif *tf «fitli*f cMitmtimi |»r«»iiw, «itl i^t« lli« 
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which he drew from the fact that it differs from the coefficient of increase of 
elasticity under constant volume. 

11 . The readings of a true barometer and of a barometer which contains a small 

quantity of air in the upper portion of the tube are respectively 30 and 28 in. 
When both barometerKS are placed under the receiver of an air-pump from 
which the air is partially exhausted, the readings are 15 and 14*5 in. respec- 
tively. Find the length of the tube of the faulty barometer xtieasured from 
the surface of the mercury in the basin. 

12 . A closed exhausted brass vessel weighs 8 kg. in air and holds exactly 20 1. at 

0° 0. How much would it weigh m vacuo when filled with water at 50" C.? 

13 . A cubic metre of air at 0° C. and 700 mm. pressure weighs 1293 grm. What 

is the volume occupied by 50 grm. of air at 20” 0. and 4.00 mm, pressure 'i 


CHAPTER VI 

EEMAKKS ON EXPANSION 

57. COMPAEISON OF SOLIDS, LIQUIDS, AND (USKS.~«- 
It is an almost universal rule that gases expaiul more than liquids 
and liquids more than solids — a fact, doubtless, to be attril)Uted to 
the general differences of molecular condition prevailing in the throe 
states. In solids and liquids the molecular forces offer strong resis- 
tance to change of volume however it may bo tdiccted. Thus, for 
instance, to lengthen an iron bar by mechanical means to the same 
extent as would take place if the bar were heated from 0“ to 100” 
would require a tension of from 13 tons to 15 tons per B(juarc inch 
of section. The mechanical force nocessaiy to effect or to prevent 
change of volume in liquids is less than that required for solids as 
a rule, and their resistance to expansion under heat is also less. 

The molecular condition of gases is evidently very different from 
that of solids and licpxids, and wo have the remarkable contrast that, 
whereas each liquid and solid has a special rate of expansion peculiar 
to itself, all gases expand approximately at the same rate. 

It is worthy of remark that the coefficients of similarly consti- 
tuted bodies when not the same are of the same order of magnitude. 
Thus we have for 

Solid metals, cooffloieuts varying from *000026 to *000094. 

Mercury, a liquid mettil, has a coefficient *00018. 

Liquid non-metals, coefficieiits varying from *0008 to *0015. 

Gases, coefficients all about ’00366. 

Another interesting point shown by the tables of coefficients 
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concerns the range of variation. Sol ids (HiFer from each other in 
regard to expansibilit.y more than litiuids, and li(|uid 8 more than 
gases. There is thus an appearance of a gradual olditeration of 
differences as the gaH(M)UH state is apj)roaehed. 

58 . On comparing the coctilieients of the metals it appears that 
the rates of ex|)anHio!i of these HuhsUuices are connected with the 
distonee they are rcntioved from their melting-points. Thus we 
have, for example; 



Pin 

iinun). 

Iron. 

IK'r. 

Oohl. 

HUvtsr, 

Zinc. 


Tin. 

point ... ^ ... 

Kxptumion (UKuflUMtnU. t 

1775 

moo 

1051 

104.5 

054 

412 

1126 

2 ao 

at ordinary 1 

aturts for 100" it ) 1 

'Onns.s 

'0012 

•0017 

•0015 

•0019 

•0029 

*0028 

•0020 


These eight mt'ialH form roughly thna^ groups, indicating broadly 
that in mi».tnls a high melting point is eonnected with a small eo- 
etlieient of expansion at tu'dinary teinperaUuHm and a low melting- 
point with a larger coellicient. Some nwent observations by Eemeray 
on sixteen metals indicaUHl that if : be tlu^ eoefficient of linear 
axjmnsion and 0 the absolute temperature of the melting-^point, the 
proiluct zO was a|>proxiniat 4 *ly ctmstant. 

A similar remark applies to licjuids. I'hose which lanl at a high 
temperature expand less wlnut heated from i) ’ to I than those wliich 
boil at a lower temperature. 

59 . VARIATION OK EXPANSION WITH THE TEMPERA- 
TIIIIE. ' Experiment also shcnvs that in both licfUtds ami solids the 
process of expansion be^’oincs more rnpi<l as tla^ tempcn’atun^ of the 
anhstance rises t<uvards that at which a chatige of [diysical 

condition taken place. For iron Oiilong and Petit fotual the follow- 
ing raiults: - • 

Viiliimi' III 0" Viiluiin’ «t UKl {t. Viilmiu' *t KOtr ( ’. 

KMMKM) KKKH.Vt lUl.’Wl 

From these figures it is seen tliat a rise of tenijauiiture of 100*' C. 
led to an im're 4 i 4 e of volume re|irefieiiU?il iy 355 iinit«, wlteriiiii 11 
riio of 300" 0. leti to Jill increiyie of 1321 unitu, ilie latter ntimlwr 
laring much rnort^ t-han three times the former. Ho Regiiiiiilt in hii 
classic ox|Mirimenis on mercury hauul 

Vtilimiii *t 0 (J. Viilitttii’ III UK) I’. Viilmiii' al !I00‘ C, 

I 1 01815 l'055a7 
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These results are typical. In solid metals a rise of temperature 
from 200° to 300° is accompanied by a greater expansion than a rise 
of temperature from 100° to 200°, and generally the rate of expan- 
sion of solids and liquids is greater at high than at low temperatures. 

60. EXPANSION OF SUPERHEATED LlQUIDS.-^The co- 
efficient of expansion of liquids increases with rise of temperature 
up to boiling-point, and the coefficient of the resulting vapour is 
considerably greater still. If the liquid be heated above “boiling- 
point^^ without being allowed to vaporize the coefficient continues 
to increase, and may even surpass that of the corresponding vapour. 
Thus Thilorier found that liquid carbonic acid, when raised iti tem- 
perature from 0° to 30°, increased in volume at a rate four times as 
great as that of air. Drion and Him have o])taine(l similar results 
with several other liquids — e.g., the rate of expansion of water at 
180° is about half that of air, while liquid alcohol at 160° expands 
five times as fast as air. 

61. TRUE COEFFICIENT OF EXPANRION..---From the 
preceding remarks it is clear that the value of the moan coefficient 
of expansion defined in Art. 12 must vary with tlio limits of tem- 
perature between which it is determijied. If, then, it is required 
to calculate exactly the change that takes place in tlui volume of a 
solid or liquid, say between 19° and 20", the use of a nuian coefficient 
between wide temperature limits will not give veuy accurate results. 


The form of expression for a mean coeflicitmt of expansion is 
^ . ZlZiZij where represents the change of volume corre- 

spending to a temperature change and is the volume at 

0° C. In this expression the second factor is variable. Suppose r., to 
be one degree above r^, then the expression represents a me, an coeffi- 
cient of expansion between two temperatures only om^ d(^gree apart, 
and in practice this is what is meant by a true corj/ldeid of expansion. 
Theor(?tically, the temperature interval should be in- 


finitely small. A true coefficient of expansion at r* in the limiting 

1 V — y 

value of the expression i when each diffier ordy 


infinitesimally from r. There is thus a true coefficient of (expansion 


for every temperature, representing the rate at which expansion is 
taking place at that particular temperature. The true coefficients 
of mercury are approximately:— 


At 0“. At 100^ At 


•000179 -000184 -000194, 
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Hence it k clear that the exprcHHion = V„ (1 + yr) docs not 
accurately rt^present th<\ n^lat.ioii between the volumes at t" Cl and 
at 0® (1 Tlu'. expression I + yr must he replaced by a converging 
series of tlu^ form 1 + y^r + yy\ Ac. Of this series it is usually 
GulSicient to taki^ thnu^ or at most four terms. Thus we have in 
more compIeU', form \> V,> (1 + //^r + 

By means of such formulas whtm tlu^ eoetlieients yj, &c,, have 
been correctly asct'rtaim'd, tlm volumes at any temperature may bo 
calculated vvitli grcuit atnuiracy. 

The coelliciimts //j y.^ may be roughly found in this way. Taking 
Eegnault’s iigurt^s for nuuHmry (Art. 59), placing their values 
in the formula, wc', have 

POlHlh I -Oil + lOOy^ + (ldd)-V/.jl; 

1*05597 I *0(1 + 500//J + (50())'4/I| ; 

and solving these e(|UHtioim for //, and y..* w(^ obtain y^ ss •000179 
and y.j — •00{)0000‘J5, whieh are vtu'y nearly tlu^ values given by 
Regnault, Stich particidar values, olUained fnmi two experiment 
only, are, howe^vtu*, not very <Mu*reet; accurate values of y^ and y.^ 
are only (»btainabl(i by using all the data givt^n hy numerous experi- 
ments and applying to them the calcuhw of prohahilitiea. 

(Jhappuis has nu'ently made some careful nu^asurementH on the 
rate of expaiwhm of mercury. Ib^ usetl a vveight th(‘rm(»meter made 
of the special glass known as rnir ditr, 11te thcrmt>metcr tuls^ was 
over a metre hmg and terminated in a eapillary tube. The linear 
expansion o! the thermenneter tube was hrst accurately det(n'minad, 
and then oliservatitms taken of tin* mass of mercury expelled at 
various known temperatitres. lie makes the coeflicietit y^ above 
« ‘0001817 and y. ■ ^ x lo ^ 

For very exjautsible lic|uids it is neeeasarv to know* more than 
two of the eoeihcimits tif the series. Thus, accortliiig to Iherre the 
rata of expansion of fdcolml may be represent4al thui— 

Vt Vpll + IHHtMHr 4- ‘OOUOOlTrirM- 1)C)(K)000C)i:i4r^!, 

Vq arKl Yf lieing the volumes at 0" ( \ and (X respectively. 

Bchiial lias rt*eentty measured the exiMinsion of platinum between 
the tiiiuperiiiureH of !0CI“ (\ and — 190" ('. liy the iiietlnsl of Fizeau 
(Art. 17). lit* ffHind tliat etirreet expressam of his resiiltii ref|uircMl 
thrfMi etieffieitmtH. 

6a* Different Hpecimeris of the same Mil»iOtnee often exhildt 
diffcrencii in their ihertiiiil proprties. Clkw viiries iti miicli in 
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quality that the coefficients of expansion of two specimens may 
differ by as much as 30 per cent. The coefficients of different 
specimens of iron may vary 10 or 20 per cent. One of the com- 
monest causes of difference between different specimens of the 
same substance lies in the mode in which they have l)cen heated 
and cooled. With many solids it is not the case that after heating 
they always return to their original volume when cooled. This 
fact can readily be verified by removing a common thermometer 
suddenly from boiling water to melting ice, when, assuming that 
the zero of the thermometer was previously correct, the mercury 
will not fall to the point previously marked as the freezing-point. 
A good thermometer should never be subjected to violent changes of 
temperature. Eapid cooling produces great internal strains in glass 
and the metals; time is necessary for the accomplishment of the 
molecular changes that take place in expansion and contraction, and 
if the cooling is rapid these changes may go on for weeks or months 
before they are completed. 

Masses of metal often show different properties in different 
directions according to the treatment to which they have been 
subjected, sucli as hammering and rolling, and hence ensue differ- 
ences in their behaviour with regard to lu^at. 

One of the most remarkable substances in this respect is india- 
rubber. When not stretched this substance Ixffiavea normally, but 
if stretched by more than a certain force it short.ons whtm licatod 
and lengthens on cooling, and withiii limits the greater the stretch- 
ing force the greater the contraction for a givtm rise of te.tnpei'aiure. 

Liquids and gases recover tlieir original volume exnudly <m the 
reversal of any change of tempe^ratnre to whi(‘h they may bav(^ been 
subjected. 

Crystals. — In the previous Jirticles the stdmtanees have been 
assumed to be isotropic, i.e. to have exactly the same pro[)(n*ties in 
all directions. This is always the case with li([tu*dH and gases, but 
not always with solids. Crystals arc examph^s of seolotropic sub- 
stances; they have not exactly ibo same pro[)(U'ti(‘s in all directions. 
In general they have three roctangidar axes, called the axes of elasti- 
city, and Fizeau called the dilatations measured along these axes 
the principal dilatations. The linear coefficievnts of expansion, which 
are measured by the method of Art. 17, may not ])e the same along 
these axes. Sometimes expansion along orus axis is accompanied 
by contraction along another axis. If the coeflicients of expansion 
along the three axes be Zy z.^, and z^, then unit volume at 0®C. 
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becomes at r"* C. (1 + (I + (1 + c'.jt), which is very 

approximut(‘ly c<jual to I + ^‘(-i 4- + ^jj). ^I'ho cubical dilato- 

tion may be measurcil by t.ho w<*ight tlua’uiometer. 

Fi;^eau found that IxUwaam lU" 0. and 70“ C. iodide of silver 
had a negative eaibical dilatation. 'Phe emerald, which crystallines 
in the form of a hexagonal prism, contractH along the axis and 
expands in a direc.tion pcn-pcmdicular lo the axis, and the coetlieients 
are such that its cul)ic <iiIatation is positive above — -P (I and m^ga- 
tive below that ttmiperatuias Iceland spar btdiaves in a similar 
manner, d'he diamond, \vbic*h ladongs to the regular system, pos- 
sesses a positive coellieient at ordinary tcm}H'raturc‘s. Qtiartn 
expands in one direction to about tin* same extent as glass, and in 
a perpendi(‘ular <lir(*cli(>n about twice as much. 

63. With many subslanccs it Impptnm that withiti certain limits 
of tomperatiUH^ (dianges of struct lu'c art* prot‘(u*ding, ho that irtstead 
of obeying the gtmtnal law that expansion accompaiiicH rise of tem- 
perature, they cimtract wlum lu‘Htisi and expand when cooled be- 
tween these lintitH. 


Watai*. juost remarkable t'xception to the general rule of 


expansitm is ntrnisht'd by water. It Ims long 
been knowrt that wattn* eontraets from it' to 
about 4“, and tlum t*xpami.s from I tti ICH) . 

Tempemiiu'tuif inn itt ih usitp a/ 
—Despret/. madti a stn’it's of experimeiitH to 
determine this. A eylimbu’ <»f water origi 
nally at 10“ Kuspeuided in a etdd chamber eon 
tained four thtnmiomettn's at ttitlerent depths. 
As water etads to about I its density in 
creases and the f*older water falls to the 
bottom. Wheti Indow i the t'older water in 
le«i tlense and passes to tin' lop, hespret/, 
saw that there must lie a inoiiieii! when the 
first of tlnwe proctwses is just eensing iind 
the iCMmrnl jiwt liegittning. At that moment 
all the thermometers regi»t4'r the siime tem 
Itcrature, whieh is the temperiilure of maxi’ 
mum density. A rarefid sftuiy of iln? ther 



momoterH leil him t-o. tin* value ll 08 ^' {*. 


fk. m 


Joulil’s metliiKl was as follows ; Twti 


vartiml tubus u iiml # 1 *, id«.mt -H ft. high iiiiil II in, in tlkmeUir (fig, 
83)^ were connected at the top by a Imri/^intal Irtnigli r» nml at the 
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bottom by a small tube K This tube was 2 )rovi(led with a stopcock, 
and the trough c contained a light glass bead. The whole apparatus 
being filled with water and the stopcock closed, the tc!nip(u*atnrc of 
the tube a was made higher than that of a'. This ditlerence of 
temperature generally established a difierence of density, such that 
on the stopcock being opened and connection established, water 
passed along h from a' to a and along « from a to o/, the motion 
being detected by the movement of the bead. If, h<)W(5ver, th(‘, den- 
sity of the water in a was the same as that of the water in a the 
bead did not move. The temperature of a was Tuade somcnvhat 
above 4° C. and that of a' somewhat below, and adjustments were 
slowly made as indicated in the table here (pioted: 


Temperature (F.) of 
Warmer Tube. 

.. 

Temperature (!•'.) of 
Colder Tube. 

Mean. 

40*959 

37*sea 

39*1 ()1 

40*905 

37*3f)8 

39*13(1 

40*711 

37*317 

39*0 M 


V'cloclty of 
Ourn'Ht 
in 'I’libu h. 


I>ir<'<'tion of 
CuiTi'ni. 


20 Wiinu to i!old, 

H Warm to cold. 

40 (lold to warm. 


The temperatures wore indi(‘atod by stuisitiva^ tIun’monH‘,tcrs 
reading to ^ degree, and the al)ove tabh^ chbarly shows that 

the temperature sought is very nearly .‘bJd" F., or ('. 

The temperature of maximum density of watcu' is low{‘red hy 
the presence of salt in solution. Sea water continiu's to (contract as 
it cools down to its freezing-point, which is about — *1' and with 
stronger solutions the temperature of maximmn thmsity is below 
the freezing-point of the liquid. 

Sulphur, according to Kopp, behuv(‘H in the, same manner, 
having a maximum volume at a cerUiiu Uuupm'aturtb 'Fhe <*liangeB 
in other physical and chemical characteristics whicli sulphur under- 
goes with change of temperature are well kntnva. 

In these cases it is clear that molecular chnngtw am prcuauuling 
of a special character, such as crystal! lization, which mask the simple 
expansion that takes place in homogentu)us HuhsUmees, (/crntraction 
may be produced in other ways as well as hy cooling, and in these 
exceptional cases more processes than one are in action simub 
taneously. 

64. GRAPHICAL RKPRKSENTA'noN OF EXPANSION 
WITH TEMPERATURE."— The law showing tlie relation l)e- 
tween volume (or length) and temperature may l^e conveniently 
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jepresented l)y a ciirva 
Regnault recon Ic,(l the rc-BulUs 
of hin (3 X I )6 r i r n ( *> 0 Lh o n n H ‘ r*(! u ry 
(Art/. 29) l)y a curve ou a 
largo copper plat(3. 

Two InioH are drawn at 
right angloH to {3a(3h otlun*, 
as in fig, 24. The point- u 
is called the origin an<l 
lines ()V, OT the axc's. 4 eni 
peratures are ineaHurtHl along 
OT, and voliancH along uv. 
The curv(3 ottbr reprem'ntH 
the expansion of alcohol, if 
1000 c.cm. of alcoliol at 0" 
bo heated, the incrtvim^ of 



Kig’. ni 


volume in 54 c.ctn. at A() , 


127 (-.fin. nt 100', 240 c.cm. nt 1B0“. 
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Marking off a distance to indicate 50“ on the axis of temperature 
and a distance to indicate 54 e.em. on tho axis of vo unies, and 
drawing through these points lines parallel to the axes the point « 
° ^ IS obtained. Siniilarly the 

I I I I I r 'n points h and 6 * are fixed. 

Then a regular curve drawn 
through onba represents the 
relation lietwxicn tempera- 
ture and inc.reaHCof volume. 
If th(‘. expansion wen) pro- 
portional to the tempera- 
ture the line woidd be 
straight, d'he line odef 
represents the curve for 
the ex])ansion of lOjOOO 
parts of mercury. It is 
very nearly straight, indi- 
cating that th<^ rate of (ex- 
pansion of nuerc.ury with 

tenunerature is veiT nearly 

uniform. 

10 0°' 90^' 80^ ' ' 70^ 6 o^ ‘ 50*^ ' 4 0 ^' 30 ^' 20^* 10 '*' o”"io" lu H paper by liOBOtti 

Fig. so on the expansion of water 

are given the n'Sults oh- 

tained by eight observers, sovoral of whom kept tlu^ wnte.i- in n liquid 
state below 0° C. The mean of tlieso results is given in tho follow- 
ing table and shown graphically in figs, 'ir) and 'I'ho rate of 
variation near 4°C. is seen to ho very small, hut not proportional to 
the change of temperature. 


Kxpanskin of WaI'KII 


Temperature. Volinue. 'Uuiiimriitiiiw, Voluiim. 

- 10 ° c i-ooia.n'i. uro i-oooaio. 

-8° 1-001. ‘WO. 1-r 1-00070)!. 

-6° „ l-0008i)2. IS" l-OOl.-l.Vl. 

-4“ l-OOO.Me. 24" „ l-0()2tM4. 

-2° „ 1-000:?08. 82” 1-004874. 

0° 1-000180. 40" H)0700f.. 

1° „ 1-000072. .W 1-01 Util. 

2“ 1-000082. lUI" I'DIIUIH). 

3° „ 1-000008. 70" 1 -0220.40. 

4° 1. 80" 1’0288(UI. 

6° „ 1 -000030. 00 ■ 1 •O.'l.tt!?.';. 

«° i-enmirt inn- i-n4:!i;io_ 
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which in vviy nearly fi<|ual i«» 

1 4 ^ OOOim } •(HKlO.S'l { * 0(^0017 l-UlHriM v.vm. 


2. Find the rendiuj^ of a juennjry tln'rmomc^ter if the bulh ami HU»in nj> to the 
zero gradnalion are exiMmed tf» a tc^mjwrafnre af .'idO' (h whth* the rtnnaiiuier of 
the atmn in at 20" (’.* nmiuming the eoellh'teniH of oulheal ex{>atmion of iin^reury 
and ghwH to lwi *00018 anti 'OOiHOJ n'H|Mfn’tiv«4y. 

Let tlio therinonietf'r riwlinu U’ .r , then a* tJivimtnevtdtimea of tht! nit*n*uryaro 
at 20 "; if they wtn’o at 800“ thi^ ^ litviMiiinH wtojhi oeeujty 

’X {1 h'i.HUCOOOlfOS l* 04 *iaivinion»volmnf\ 

and the thivnnoinotor wouhi rtwl HOO ; 

.% I’ 0 l 2 r 8 «Ht 

.f 2 H 7 ‘ 0 '; 


KXKHiMSKS 


1. Clom|MW* thii tietisity t»f at iV aial 2<Mt, the rtMdtleiont t»f limmr i«- 

lauwion sf ‘OfitHU^. 

Z Onmjmw the tlenwity of air at Itr t*. anti 7h0 nifii, |»rm'iure with that of hyditi* 
gtm at fiO" C’. iind 1000 tntn, j»rtmwr«s 

S* Beic’rilai tint rhangt« of vohnno anil tefn|H’mtiiro whirh a |wiiincl of welting km 
uttdttrgoi« when himt w wntiiiually a|i|fhmt t<» it until it Iwwimtii aU’Ain. 
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CHAPTER VII 

SPECIFIC HEAT— CALORIMETRY 

66. Thus far we have been concornod chiefly with tlui relation 
between volume and temperature, and in determining by how much 
the volumes of different substances change when their tenij)erature 
undergoes a known alteration. The quantities of heat that have 
been required to effect these changes have not l)cen considered ; but 
in the next three chapters the attention will be mainly directed to 
the measurement of the quantities of heat that entei’ or leave bodies 
during the operations. In this chapter we shall bo cone(‘.rned with 
the measurements of the quantity of heat which is tiocessaiy to 
raise the temperature of a body by a given numl)er of d('.gre(iH ; and 
in the two following chapters, of the quantity necesHary to effect 
change of physical condition. 

67. UNIT OF HEAT. — We have no xnoam of measuring the 
quantity of heat a body conUims, To come within our cognii^auco 
heat must pass out of one body into another, and it is tneasured 
by the effect it produces on that other body in raisiiig its tempera- 
ture, in increasing its volume or its pressure, or in changing its 
physical condition. In order to ol)tain a unit by which to measure 
heat we have to choose which of those offcjcts shall be taken, and 
then what substance and what mass of that Hubstanco shall receive 
the heat. The effect usually chosen is chang{», of Unnperature, the 
substance water, and the quantity unit mass. Thus a unit of heat 
is defined in general terms as the amount of heat required to raise unit 
mass of water through one degree of iempmdure. But, as will appear 
later, this is not sufficiently definite, fot' the (luantity of heat re- 
quired to effect this change varies with the temperature at which 
the heat enters the water (Art. 76 ). Hence a prcic/ise definition 
should state at what part of the temperature scale the change takes 
place. Using the gramme as the unit of mass atul the (Jentigrade 
scale of temperature, tJi^ unit of heat (called the gramme-dagrae or 
calorie) was defined by Regnault as the quamMti/ of heat required to 
raise one gramme of water from C, to t (I If for one gramme we 
substitute one kilogramme the unit is called the mtjor calorie. If the 
unit of mass is the pound the \mit of heat is called the pound-degree. 

Sometimes the Fahrenheit scale of temperature is nntHl. In that cami the 
pound-degree is five-ninths of that defined alM)ve. This »cale in, however, very 
seldom used when the gramme is the unit of weight. 
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When thus (hvfinod tho unit of boat is porfectly clefinit.c, hut it 
must bo a(l(i(‘(l that in ordinary piN'w.tico the limitation 'MVorti (K’ (I 
to r' 0.” i« not ohs(‘.rv('.d, and that, the quatititicm of luait nupiirtHl to 
raise the tom})(n*aturt^ of a masH of vvaUu’ fi-otn /' C. t-o (.r 4- I)" (I, 
or from 0" to I'*, art', takt'.n as (',<|ual when .r is any ordinaiy tempera- 
turo. Some inveHtigators now takt^ the ttnuperatun^ rise from If)" Cl 
to 16” (I instt^ad of from O ' Cl to 1“ (I in the definition of their ludt; 
others delinti the ealorit'. as the io^th part of the heat retjuired to 
raise unit mass of waU'r from 0‘' (I to 10U'’(1 'rhus the O’ , the 15‘’, 
and the mean ealorit' are all in use. 

68. 'rilKItMAh (l\PA(’rrV. W(» havi', in Chap. I given a 
qualitativt^ idt^a of tht' mt'aning of this tt'.rm in its gimeral Hense. 
The ihtrmtfl cttpavihi of unif /mas whie.h mt^ans the number of units 
of heat rt‘<|uir(sl to raist^ tln^ tt'inpttraturt' of unit mass of the sub- 
ataueo through 1 (I, is ealh'd the specific heat of the substance. 
The speeilie Inmt of wattn* is thus unity by the dt^linition of the unit 
of heat. 

Idle total thermal capacity of any nums is etjual to th<^ {jnsluct 
of its mass by its spts'itic heat; this is sometinu^s ternuHi tlie water- 
equivalent of the body, d'hus, tin* spenufie heat of brass being ’011*19, 
the (Mjuivahmt t»f ‘JOO grm. of brass is ISwH gnu. cd water. The 
quantities of In^at takem In in* givtm tmt by these nutHHes during the 
same changes of unnptu’atun^ an^ e<|ual. 

Mean Specific Heat. The spmufie lieat of a body is nn'asuretl 
by determining how many units of heat an* recjuirtsl to raise some 
known mass of tln^ IsmIv through a definite? rangt? cd temp(U‘aturc', or 
how many such units the lM>dy gives iutt in c<M)ling through a known 
range c)f tempi?rature. 

If 11 represent tin? heat absorbtsl by the body, m tin? tnass, 
and T.^i — tfie range t*f t«unperat4ire, tin* spec'ilic hc'ut H 

. 'rids is cnlh'd the mean stHHUfie lu'at iM'tweeri the 

m(T2 «« Tj) 

temperatures r,f ami Tj . (Ckaniatre Art. I'i.) 

69 . (5 ALCHtIMKTKHS. A eahirimeter is an apparatus iwimI 

for mtlfwtiring ffuantities of Inoit. There are many forms of ealori’ 
meters. In all id them it is desirable that arrangomeritu Klnmkl Imi 
made to check interehiinge of heat between extermil and tlmiiii 

that lira the Mubjeetof ejcfwrirnent. '!'he hiwer fmrt of tig. lib «hiiw^» 
a form iuitecl for geiioml w*ork. It eonaiste of two eop|'«?r veiweli 
00 ami K K, one iupjKirteil insitle the other l»y meiiui of some non* 
eonducting lulatenee, the oji|icmite aurfmais being kept brightly 
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polished, and each furnished with a lid through which pass a ther- 
mometer and a stirrer. In accurate work these are often enclosed 
in another large vessel H made of tin, and having double walls, the 
space between which is filled with water. 

70. METHODS OF DETERMINING SPEOIFIC HEAT.— 
We proceed to describe some of the methods by which the specific 
heat of a body may be determined. 

A. Solids 


The Method of Mixtures. — The princijde of this method is to 
place in intimate contact known masses of difibrcnt substances at 
different temperatures, of one of which tlu^ specific hc^at is known, 
and then to equate the loss of heat of oiu^ body witli the gain of 
heat of the other body. Water, whoso spocilic heat is by dclini- 
tion unity, is commonly taken as one of the substances. A simple 
experiment will illustrate the principle. 

Place a pound of brass wire in boiling watci* (100" tl) for a f(jw 
minutes; then quickly transfer it into a pound of cold water con- 
tained in a thin glass beaker in which stands also a good thermometor. 
Suppose the water was initially at 15" (J. and finally at 2!^ *5" G. 
Then the brass has fallen through 77*7'’ (100" to 22*5"), and in <loing 
so has parted with sufficient heat to warm the water through 7*5" 
(15" to 22*3°). Therefore the capacity of brass for luiat is evidently 


of that of water; hence the specific heat of brass is *094. 


In general symbols, if be the mass of the solid, S its spcunfic 
heat, and its initial temperature; m., the mass of the wat(‘,r 
(including the water-equivalent of the vessel), and r., and rjj the 
initial and final temperatures of the water, then wo have 


Heat given out by the solid on cooling = S x x (t, — • Tj^), 
Heat communicated to the water = — r.^,), 

and these are equal. S = 


This method is sufficient for preliminaiy vahies to serve as a 
basis for more exact measurements, but it is the bartjst form of the 
experiment and would not furnish accurate results, for the following 
reasons: (i) Some of the heat of the wire was lost during tlie act of 
transference from the hot to the cold vessel; (ii) the wire earned 
hot water with it; (iii) some of the hmxt of the wire was not com- 
municated to the water, but was absorbed by the beaker itself; 




rig. m 

Thi cantra! eyliiuUir ak h dry ; it m rlimad at the Uij) liy ii eork K 
and at ihci bottom by a sliding plata of nmtal K. Within thiicontriil 
oylindtir m iUsjHimiiid by a thin silk thnmd t!m pimm of mditl ci U> Im 
experimantiM,l on. 

W© givo thci <l«tidk of an artual oxjwsrimimi on a {>!©©« of j.itie 
weighing IBH'II grrn, Tho cmlorimoUu' (of liriws) wriglitMl ‘iOfi'*! gnn.; 
ite wat©r*«niivalimt was tharoforii 205*3 x tllKlll sa ill *28 grin. That 
of th© thirmoniekir jiliMH»d in tho ealorimtifor was lit grin. Th© 
water within th© tmIorirnet 4 ir wniglual 251i*25 grin, Thii t 4 itiil iiia« 
to bi raisixi in ttiiiiiairatiiro was thus ia|iu valent i« 1 11*28 + Ml 4 . 
269*25 3 » 280*43 grin, of watiir. 11m rine %¥iw loft in thti etritral 
oyliiidor for akiut l| liciun Tim t^iiiiiHiriititri of thti rociiii wm li* 8 ® 
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^iv) neat was lost by radiation from the lioaker before the final 
temperature was read. 

71 . Regnaults apparatus (tig. 38) is designed to obviate these 
errors as far as possible. Its chitd pai’ts are a vessel u, in which the 
body is heated, and a c.alorimeter shown underneath at N, Water 
is boiled in a vessed v, and the steam passes into the vessel o, which 
consists of thrtH 3 concentric eylindiirs, through the outer two only of 
which the steam circulates, issuing by a tube o into a condenser. 

1 
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and the temperature of the water in the calorimeter, as indicated by 
a delicate thermometer, was 14*5° C. when di-awn from the tap, and 
was observed to rise at the rate of *04° per minute. AVhen the 
temperature of the calorimeter was 14*62°, tlic thermometer in ak 
recording 100°, the calorimeter was quickly slid into its place, E 
removed, K eased, the zinc let down into the water, and the calori- 
meter slid out of its position. The water was stirred ])y moving 
the zinc about, and the immersed thermometer was read. At the 
end of half a minute it had reached 18°, after one and a half minute 
it read 19*6°, at the end of four minutes 19*44°; and the experiment 
was at an end. 

The result was deduced thus: Half a minute elapsed betwcum the 
reading of the thermometer in the calorimeter and the imtncrsion of 
the zinc; the temperature of the calorimeter was tlun'cfoi'o 14*64. 
The calorimeter containing the zinc was expos(Ml to the room for 
1^ minute. During the first half-minute its avcu'ag(i temperature 
was ^(14*64 + 18*0) = 16*3, sufiiciently close to the temperature of 
the room to render correction for radiation unnecessary. During the 
next minute its average temperature was i(18 + 19*G) = 18*9°, 
which was 2° above the room, the loss by radiation being thus 
sufficient to cause the thermometer to fall *05". The final corrected 
reading of the thermometer was thus 19*65° G. 

The fall of 185*3 grm. of zinc through (100 — 19*65)° C. gave out 
heat enough to raise 280*43 grm. of water through (19*65 — 14*64)°. 


Hence 185*3 x 80*35 x S = 280*43 x 5*01 
. g ^ 280*43 x 5*01 
185*3 X 80*35 


•0947. 


For general results see p. 87. 

72. Specific Heat of Ice. — This was thus determined by Per- 
son. A known mass of water was put into flask of thin copper 
and a delicate thermometer immersed in it. The flask was then 
kept for some time in a freezing mixttiro. When the watcu* was 
frozen and the ice at a tempcx*aturo considerably below 0° G., the 
flask was transferred to a calorimeter containing a known mass of 
warm water. The merciu*y of the thermonu^ter immersed in the 
calorimeter at once began to fall and that in the ice to rise, dlie 
indications of the two thermometers gave the ratio of the thermal 
capacities of ice and water. 

Thus, if the masses of the ice, the copper flask, and the warm 
water were respectively and grammes, the origimil and 

final temperatures of the ice — C. and — Tj,® G., and those of the 
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warm water t/ G. and r.j" C., thou, taking *095 for the specific? heat of 
copper and S for t hat of iec?, we have? 

Heat given out l>y the waian watcu* ///..(t.j ~ (?alorics, 

Heat absorbed by tlu? i(?e and flask + •()9r)///.,)(T — r^) calorics, 

and ociuating tlu?Ke valuers S is determined. The value o])tained 
was ‘504. 

73 . JOEY’S S'FEAiM CALORIMETER. A useful nmthod of 
calorimetry has r(?c‘ently been workt?d out by J. Joly. 

Fig. J9 indicat(?H his arrangcunc^nts for meaHuring'spcHlfic heat. 
The aulmtance to b<\ expc'.rimenfed on is 
placed in one of the? pans, a, of a balanc'C', 
and this pan, whicii is made of platimnn, is 
onclost?d in a mOal <‘hanib(‘r n, and is ku[) 
ported by a thin platinum wire, passing 
through a plug of plastcT cd puris. IIio 
equilibrium of the? balance? is, of cotirse, 
maintaiucHl by weights placc?d in the other 
pan. Into the top of tin? cluimb(?r u pussem 
a pipe from a hoil(‘r full <d steam, which, 
when the communication is opcuu'd, rapidly 
fills the chamber n and pasm^s (»ut through a 
pipe at the bottom of the ehamber, carrying 
the air with it. When the air is all driven 
out the exit ])ipe is nearly ehmed, and stt^am 
condenstm on the pan A and on the substaiu’e 
which it eontfiu’aH. Ilie weights which it is 
necesHary to add to tin? (»tlu'r pan of the' 
balance to maintain ecpulibrium, give the mass of the sUmm thtw 
condensed, Ilm Imat given tmt by this steam in (’omleimtion u 
absorbed by tlie pan and the sttbstance wliieh it (smtiuns, while 
their temperature is rising from tin’ initial to the final value- 

lad. W| mass of substance in the pan A, 

S ■■■■■ Himcifie heat of that substamai, 

Tj and T,j initial and final t<uiiperiitnr(*s of A, 
q a tht?riniil eajmeity td the nnn A, 
m.^ mass of steam euntlensed, 

L latent heat of the steam (Art. 113); 
then Heat given out -- 

Heat iihsorlHsi (m|S T|), 

fiml WjjL (mjS + q) (r,, — 

whence B is deUirmiiuMi 



Fig im 
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The quantity q is determined by an independent experiment 
when there is no substance in the pan A. A correction is necessary 
for the hydrostatic upthrust of the steam in the chaml)er. To pre- 
vent condensation of steam on the supporting wire it is surrounded 
by a spiral of platinum wire which is heated to redness by an electric 
current passed through it. 

74. Specific Heat at very high Temperatures. -" In determining 
the specific heat of platinum between 0 ° and 800*^ C. Violle proceeded 
thus: One of Deville’s porcelain air thermometers (Art. 193), and 
another porcelain vessel containing the platinum wore put together 
into the same muffle, heated by a gas furnace. When suiliciently 
heated, the vessel containing the platinum was taken out and the 
metal therein shot into a platinum oprouvette standing in the water 
of the calorimeter (or straight into the water). AVhen t\m oprouvette 
was used the time of cooling was about 15 minutc^s, in the other case 
a few” seconds, but in direct plunging steam is formed, although 
Violle says this was of negligible quantity. 


B. Liquids 



tig. 40 


75 . The method of 
mixtures is also applic- 
able to liquids. The 
liquid whose specific 
heat is to be deter- 
mined maybe enclosed 
in a thin vessel, which 
must be, of course, 
allowed for as above; 
or we may proceed by 
placing in the given 
liquid a known mass of 
some 8 uital)le hot solid 
whose temperature and 
specific heat are known. 
(Art 82, Ex. 4.) 

The apparatus 8 how’'n 
in fig. 40 was used l)y 
liegnault. The li<iuid 
wsB contained in a cy- 


linder M, standing in a bath, by means of which it was made to taka 
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any temperature re<[uirc<l. '.riui vesst‘1 m wan coniuHiited by a tul)0 
G with a res(n‘voir cout-aining air, the pr('HHur(^ of which wan bo 
adjuHted as to fon*e the KubHtaiice in M to r(‘4,aiii it,H li({uid state 
whatever might b(‘. tlu^ tem[)eratur(‘. of tlu^ bath. Ey opening the 
stopco(d<H at H and (} HiimdtaneouHly a known niass of the liquid 
was forced to pass into a vessel o standing in a known mass of 
water within a calorimeter. I'he rise of temperature*, of this waUu’ 
gave th(5 heat evolved. Experinumts were made with many licjuidB 
through various rangc*.s of t(unpei*at ure. 

SPEdlAL METHODS FOR rdQlUDS. The two following 
methods are sptHually applicabh*. for d(*termining the specific heat 
of liquids. 

Method of Cooling'. If a mass (d warm li(juid hang within an 
enclosure kept at souk*, lower tennperature, the li(|uid cools, and it is 
found under thostudreumBtanees ((-hap. XVI) that tlui rate at which 
it loses lu‘at is proportional to 

(i) The Uuuperattirc^ of tin*, warmer body. 

(ii) 'Fhe temperatun* of the enehmtire. 

(iii) The extent and nattire of the radiating mirfaces. 

It is indeptmdent of the nature of the litpiid. 

If, then, different liquitls t*ool at (liHeiHmt rat(‘H imdtr exadlp 
siniilaf dremidanrf^ when it is known that tlnw ni’e cunitting tupial 
quantitioB of heat [un' Si'c’ond, tiu^ tdleet must be due to tlu^ fact that 
the heat radiated lowers tludr tempc*rattu‘<‘H tnusjually owing to their 
imetiual thermal eapaeities. 

A thin copper vchhcI etmtcnl ontsitle with lampblack is filled witli 
a known weight of tln^ li([tud at a moilerately high tempe.rature, 
and BUKpended by luwlly eomiueting threads inside a largt^ copptn* 
vessel ctwRed irtside with lampt>laek, which stmids in a hath of water 
at the tempcu'ature of the '!'he whole is cov<*retl by a lid 

througli which a thermometer jamses into tln^ liquid, llie time 
token hy the litpiid t4» fall through a etwtain range td temperature is 
obaervecl The whole expeudmimt in then rcqieatcd under tln^ same 
conditions with the vi'ssel filled exactly to the same htdghi witdi 
water. The tptantity of Jieat radiated in unit time hy tln^ liquid 
eqtials tl'iat similarly radiaUnl hy t-he water, and the equation gives 
the spmafic heat of the liqtiid, Thim, suppeme that 28*7 gnu. of a 
liquid whoiii specific heat is *H tund from f»ft" 2fF in lH‘b riiiimti!% 
while SIT) grm. wattir under exactly the wiine comlitiona toko 
33*25 mirtutei. Then the heat given out hy the liquid jair minute m 
8 X 2H*7 X SO IB *5 -ta 46 ‘5 H unita. Ami the himt given out 
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by the water per minute is 34'5 x 30 33’2e5 = 31*02 units. But 

these quantities are equal; 

/. S = 31-02 4- 46*5 = -668. 

In general symbols, if = number of seconds taken by the given 

liquid to cool from C. to t,/' C., 

= the same quantity for water, 

= the mass of the given li(|uid, 

= the mass of the water, 

S = specific heat of the li<[uid, 

A = a constant depending on the radiating 
surface; 

then the heat given out by the liquid per second = 

Hi = A X S X X (tj — To) -r 

and similarly for the water 

Ha = A X nk^X (tj — r^) -- 
and ‘ ■ Hi = Ha,* 

S = 

h f>h 

The water-equivalent of the vessel and thormonieter shotdd bo 
included in the values of and The method of coolitig has 
been applied to solids, but the results obtjuned were unsatisfactory. 

During cooling, the interior of a solid is hotter than the exterior; 
and as different solids have very different conducting powers, the 
amount of such difference of temperature would not lie the same for 
any pair of substances. Thus the temperatures of cooling solids have 
no definite or comparable values. With liquids, however, convection 
currents are formed, and by stirring it is possible to ketq) the tem- 
perature of the mass very nearly constant throughout. The method 
is therefore applicable to liquids but tiot to solida 

It is better that the calorimeter should be large, have its surface 
blackened, and be suspended within a larger vessel whicdi has water 
between its hollow walls, and is supplied with a lid of the same com 
struction. The radiation is thereby made more uiiiform. 

Error is liable to occur in the record of the temperature, as the 
temperature of a small thermometer when that temperature is 
rapidly changing is not accurately represented l)y tlu^ reading. 

Eleotrioal Method (see Chap. XIII).— The following method of 
comparing heat capacities is especially adapted for liquids. Two 
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spirals of wiro c()imtru(‘to(l exac.tly alike, so as to have the same 
electrical reHista!H‘(\ ar('. phuaul in sorites in an el(‘.ctrical (oremit; the 
same ciirn^nt Hows throujL(h both, and therefore tlu‘, (juaiititiiis of 
heat pro(lnc(sd in tlu‘ spirals are ecpial. If, tluni, tlnsse. spirals ar (3 
respectively itnm(irse( I in e(pial masses of two li(|ui(ls, each contained 
in a calorimeter, the rim? of tempiiratnrt? produced in the liepnds is 
inversely as their (^apatuties for heat. 'Fhe masHes of the litpuds 
need not lx? actually the sann? in practice, as any dilVerenee can l>e 
accurately allowt'd for in the calculations. It is nect^ssary that the 
liquids should lx? wtdl stirred during the expeuinumt. To render 
the tnethod applicable to liquids that conduct tlu? (‘.lectrie eturent, 
Pfaundler employed spirals of glass tubing filled witli mercury. 

76. Sp6ciflo Heat of Water.- One of the most carefid investi” 
gatiorm on Hptxdfic lu?at y(?t made was that (»f C’allendar and Barnes 



on the specific lu^at of watm*. A (nirn^nt of electricity was passed 
along a thin win? contaimMl in a tube through which a nu^asunx! 
quantity n! water was sinmltaneousiy passed, The known <|uantity 
of electrical em?rgy chsvelopetl in the win' had its equivah'nt in the 
heat ccunmuniented to the water (Art. whieh was known in 

terms t)f its mass, risii in temperature, ami HpiHufic heat. 

Hie arrangements of the ealoriineter were as indicated in fig. 4 1. 
The heating wire n, terminating in eopimr tubes /#, was encloHed in a 
tube c. Itouml this inner tube e was a larger tul»e r/ which formetl 
a vacuum jacket (Art. 1 22), ami in turn this tube was eneltwed in 
a wakir Jaeket rr. Water entering in by a {H|h?/ imssed continmiusly 
through the tube r and out by a pijwi c/. Another stream td water 
imssirig in by a pipe A flowed thrciugli the tulxi r and out liy a 
pipe L Am this irimw utrimiii hail previouily jmssed through a pi|)e 
immersed in the tank which mipplied the water to the jaeket, the 
two itriiiims of water entxsred the ealorimeter iit the mmm imnimm* 
turo. liadiation losses wore greatly rtaluetKl hy the vacuuin jiiekot 
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The temperatures of the ingoing and outflowing water were mea- 
sured by platinum thermometers n and n (Art. 19*5) placed in the 
copper tubes h. The heating current entered and left by teiTuinals 

The water that flowed from k was collected and measured. 
Let its mass be m, and the time of flow / seconds, tluj thermometer 
readings and and the mean specific; heat of water between 
these temperatures S. Then the heat developed ])ei* second was 

X S X (t, - T.)| + |/i(T, - T.)| (1) 

the term A(tj — r^) representing the; loss. 

The electrical energy was measurc'd in the; following \vay. The 
same current C was maintained through the wire; (i and through a 
standard coil, and the diflerenees of potcmtial Mj and M, bc^tween the 
ends of these two coils were indicuitc'-d by voltmc‘ters. if 

and are the respective resistances of the wire a and of the standard 
coil, we have 

= Ci\ and E.^, =; Cb'.^ 

= (.!-’/•, ( 2 ) 

which represents the energy developed per second in the wire a. 
Hence = | j X S X (tj — t„) | + — r.,) | (;}) 

A second experiment was made, in whicdi tlu! value of (the rate 

of flow) was reduced to about one-half of the alxive, the current 
being proportionately reduced so that the rise in tismjtoraturo was 
the same as before. Then for the second cxpei'inn'iit also 



These two equations (3) and (4) enabled the term /i(t, — t.,), repre- 
senting the heat losses, to he eliminated and K to be found. " 

The value obtained for K at 37f)“ (1. was •yi)73:t ; for tempera- 
tures between 37-6° C. and 5" C. the value was Itiss. 
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C. Gases 

77 . TWO SI^KCIFIG HEATS OF OASKS.-4Vith regard to 
specific heat, gancH |)re 8 ent a striking contrast with licpiids and 
solids, dno to the large amount of expansion which ensium on heat- 
ing. Th(‘. change which solids and li(pnds undergo in this respect 
is too small to afitHtt the vahum found for their spo(!ific heat, hut 
with gases the change is far too great to he neglected. The gas 
must be heated atid cooled during the operation of finding its specific 
heat, aiid very dilierent results are obtaimul according as i^ne gas is 
allowed to ex|mnd or not during the procu^ss. The simplest plan 
is to take a thin vessel and find how much heat is required to warm 
it through say 100 ’’, first when empty, and again when full of the 
gas; hut tlu^ mass of the gas within the vessel is so small compared 
with the mass of the vessel itself, that the measurement is om^ of 
difficulty. 

The nmult is called the specific heat at coxistaat volume. See 

Chap, xxni 

The vahie obtained for the specific lieat when the giis is allowed 
to change its volumt^ tuider constant pressure is called the specific 
heat at constant pressure, 

Ragnaiilt’s Determination of Specific Heat at Constant Pres- 
sure. “The metluHl emi)loyed by Regnat dt was iit jtriitciple the same 
as the nnUliod of mix it t res, 

A steady streant of hot gas tmder a constant pressure was passt‘d 
through a ealorintc»Uir and thi^re gave* tip a portion of its heat to a 
known cpiantity of water. Fig. 42 shows tlie apparatus employed. 
It consisted of four chief jmrts. 

Tim {jitHlmlder n was a reservoir of 35 1, (alaiut 1*25 c. ft.) ea|m» 
oity, standing in a vtisstil of water which agt toted hy a flat ring 

Cl, and whose Umi{Hsrii.ture wiis given hy a thermometer T. b'rom it 
the gaa wai passed through a eontiimous set of tulMss and spirals mh 
into the atmosphere. 

The, Ilmitimj A-pfmraim a— The gas was lieatiHl l>y jniwing througli 
a long spiral immersetl in an oil Imth. The oil wm kept stirred by 
an arrangemiint ti* and the tiim|wratura was reiwl by the thermo 
mater t', 

TM Oalmifmkr n 'The pis mm eooltai hy jimsing tlirough m 

spiral immersed in cold xvatiir kept stirred hy tf and wdtose temjMsm- 
turc Wf» rtnwi hy the theriiiomet4^r 

Th§ Ihgdiihr n— As the $m left it, the pr^urti in it, and ther# 
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fore in the tube x, was continually diminishing throughout the ex- 
periment, and it was necessary that the rate of passage of the gas 
should be constant. This was effected by the regulator r, in which 



the gas passed through a conical aperture into which fitted a conical 
plug attached to a screw w. By gradually turning up this screw m 
the experiment proceeded, the sisse of the aperture was increased, 
and the rate of passage of the gas maintained constant throughout, 
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as indicated by the manometer whoso prossiiro reading was 
determined by the rate of flow of the gas. 

Method of the liTfefimenL --V\m stopcock I being shut, the gas was 
compressed in the n^servoir H, the bath B heated to the required 
temperature, ami the caloiimetor o filled with a known weight of 
water. ()l)servati()n8 w(u*e then made as to any changes of tempera- 
ture that might be proceeding in (?. The gas wjis then allowed to 
pass for a suitable time, and after it had been shut off, another set 
of observations was madti as to the changtm of temperature in the 
calorimeter. Tlu'.sc^ oljserviitions served to indicate what correction 
must be applicsd to the readings of the thermometer t" for the effects 
of radiation during the pr-ogress of the heating. 

The values obtaiiied for a few gases are given in the table on 
page 414. The general rc^sults are 

(i) All simple gases have tlie miiuo thermal cmpacity per unit 
volume. 

Thus wa havii for the s|Hn‘ifh’ hoats of tniual vopiiufs 

Uydrogon -’iahO, I Air Wfs 

Oxygon *240f», I Nitrogmi *2308, 

which aro noarly fcho samo. 

(ii) The specific heat (unit mass) of a gas does not vary with the 
pressuiH^ 

(iii) The specific heat of all gastia incremies with rise of tempera- 
ture. 

The specific heat^ of air and carhon dioKide have recmitly heon 
redetermined hy W. F. (i. Swann hy the electrical method descrilml 
in Art, HI 

A steady itraam of the gas was |>aiHetl through a jjacketad tulie, 
and during iti pitsiage wm heated hy a coil of hot |jlatinum wire 
through which a current of electricity was jmssing. The tenijiera- 
ture of the gas as it enterail and h^ft the tula^ was raiul liy two 
platinum thermometers. The rate t>f Ht>w <if the gaa was determined 
by {Misaing it through a numlnir of fine inaUl tulasi in {mrallel and 
measuring the difference of presaure la^twaan their ©nd», the iiumn 
pressure, and the temfairatwr©. 

The quantity of htmt iiippliod wa« determined by measuring the 
eurrent {)a*iing through the hifiting coll and the potential differtiriet 
between the ends of tliii coil. The calcuktion of the rt^idte was by 
the method indicat^I in Art. 76. 
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The values obtained were: — 



Air. 

Carbon 

Dioxide. 

At 20° C 

At 100“ C 

! 

•2417 

•2430 

•2020 
•224 1 


It will be seen that these values are somewhat higher than those of 
Regnault, and that in the case of carbon dioxide there is consider- 
able increase with rise of temperature. 

SPECIFIC HEAT OF OASES 



Fig. 48 


AT CONSTANT VOLUME.--^ 
Joly has recently nuiasured directly 
the specific heat of gases at con- 
stant volume. For this pui'poae the 
apparatus was in the form shown 
in fig. 43, which Joly calls the 
difForential steam calorimeter. In 
the steam chamber B hung two 
similar hollow copper splicros A and 
c, each suspended from one pan of 
a sensitive balance. The spheres 
were abotit 7 cm. in diametei-, and 
each was providcnl with a ‘‘catch- 
water”^. The sphen^ A was empty, 
while V. was tilled with gas at a 
known temperatui'c arid pressure, 
the latter being sonuitimes as high 
as the sphere could with safety sus- 
tiiin. The balance being in equili- 
brium, steam was admitted into the 
chamhtn* B, and owing to the pre- 
sence of the air witliin (?, more 
steam was condensed on v, than on 
A, the excess hmig measured by the 
weights addcid to the upper pan of 
A to restore equilibrium. The cal- 
culation is in principle the same as 


that indicated above, correction for 
expansion of the sphere being of course necessa-ry. As the two 
spheres are alike, this differential form of the apimratus has the 
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advantage of eliminating corroctiona for the thermal capacity of the 
pans, and for radiation. 

In one particular experiment tho gas in 0 was air at a pressure 
of from 20 to 30 atmoapheroa, and its mass was 4*2854 grm., tho 
thermal capacity of tho gais being G or 8 per cent of that of tho 
sphere. 

Dr. July’s different determinations aro in closo agreement with 
each other, and give as a mean value for the specific heat at con- 
stant volume for air *1684 at 7*2 atmospheres pressure and *1738 at 
21*66 atmospheres preBHun‘,, for carbonic acid gas (12 atmospheres) 
*0197, for hydrogen 2*35, 


1). Vapours 

78. Vapours are of two classes —saturated and nou-saturated 
or superheated (Art. 98). 

Regnault determined tin*, specific lumt of non-mtkmtkd deam at 
constant pressure by heating tht^ Ht(«uu to some temperature above 
100'’ G. and j>assing it into water. Let S rs the numu specific heat 
of superheated steam l)etween the tempm^atiu’cs and L the 
latent heat at m grammes the <piantity of steatn used, II the 
number of luiits of ht^at ahsorbed by the calorimeter, and its final 
temperature, tlum 

The quantity of heat evolved is c>l)tained thus: 

(i) Thi? Htm%m in (MMiIinn from rf t«» ra ‘ k**-'^*' <‘Ct {r, T.j)m8 ralorion. 

(ii) The stoam at Ta” in (‘on<ltm«irig into waiur afc t.j ‘ gavo out wL 

(iii) Tho wattir fchim fornu'^l iti c«»oh»^» frtnn tt» tw* gavr out, w{fa n,) 

tmlonw, 

The (piantity H is olttainetl from observation of tlte rise of tern- 
parattire of the known mass of water in the <*alorimt^ter. 

Thtm II — 7 .^) + L +• (t.^ T(,)[ 

Two exfieriments with different values of Tj givt^ twt» cHpmtioni 
in which tho unknowns are H and L, Imth of whicli art* thus deter» 
min^ for the temporatttres chimen. 

The value for H obtained by liegnault between the ternpemtur© 
limiti 225’* (J, nml 125*' iX wiis *48. Piwry, on locitmiiiiition of 
Regnault’i resulis, obteins a value of about '36 ai Hit)' C. and *43 
at 150” 0. (Itlier determinations at higher temperatures give still 
higher viduos, approximating tt» *8 whim the stoim m above 3C)(} ' CJ, 

liegnatdtiiliticbitermined thcspooifle hiiatof iiyyiy other vit|*ours. 
Ai the spiieific htal of their liqtiitls was not unity, that c|Uiiritity also 
(CST 8 ) 7 
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entered into the equations, as well as the latent heat of vaporization 
and the specific heat of the vapour. Hence three experiments were 
required in each case to determine the three unknown quantities. 
He superheated the vapours by passing them through a spiral con- 
tained in an oil bath which was maintained above their boiling- 
point. He found for ether *479, for alcohol *453, for carbon bisul- 
phide *157, and for chloroform T56. 

As to saturated vapours^ suppose we have unit mass of saturated 
vapour at t° C. Let its temperature be gradually raised to (t + 1 y C., 
and at the same time let the pressure bo increased to such an extent 
as to keep the vapour saturated (Art. 98). Then during the iticreaso 
in pressure a certain amount of work has been done on the vapourf 
and this work was transformed into heat. Jf in any am) the hoab 
equivalent of the work done on the vapotir wore ecptal to the heat 
required to raise its temperature by V\ then the vapour could rise 
in temperature through V without any other heat being supplied ; i.e. 
its specific heat would be zero. This exact equivalence has not been 
found. But it has been found that with some vapours heat must 1)0 
supplied independently of that resulting from the work done on the 
vapour, and in these cases the specific heat is, as is usual, positive. 
With some vapours, however, no heat has to bo supplied when the 
temperature is raised; but, on the other hand, the heat generated 
by the work done as the pressure is increased is greater than that 
required to warm the vapour. In this case the Hpecific heat is 
negative: the vapour gives out heat when its temperature is raised. 
The specific heat of saturated steam is a negative (piantity, while 
that of saturated ether vapour is a positive (piantity. 

An experiment was devised by Him to test the behaviour of 
steam in this respect. He passed steam gently from a boiler, where 
it was generated under a pressure of 5 atmospherea, through a long 
copper cylinder the ends of which consisted of plates of glass, until 
all the air was expelled. The admission and exit valves were then 
closed, and the cylinder was full of dry saturated steam. On open- 
ing an exit valve a dense cloud appeared in the cylinder, which 
before had been full of perfectly transparent vapour. 

79. OIRGUMSTANCES INFLUENCING THE SPECIFIC 
HEAT OF BODIES.— The specific heat of a body depends primarily 
upon the kind of matter of which it is composed, but the values 
obtained with different specimens of the same substanea may vary 
considerably according to their purity. The value obtained for the 
specific heat also depends upon the physical condition of the body, 
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whether solid, liciuid, or gaseous; upon the molecular condition, 
whether crystalline or amorphous; upon the density; and upon the 
temperature at whicdi the observation is made. 

(a) Temperature: Mean and True Specific Heats.— It is a 
general rule that the spcicifie, heats of solids and licjuids ai’c greater 
at high than at low tmnperattires— a fact most prol)ably (‘.onnc‘<cted 
with that eniuieiatcul in Ai't. 59, viz. that the rate of expansioti is 
greater at high than at low t(unp(u‘atur(is, one of thc^ chief things the 
heat is doing Ixdng to (9Ieet that expansion against the resistance of 
the intennolecular forccm. 

A distinction has, tlun’ofore, to be drawn between mean specific 
heat and true spacillc heat analogous to that drawn between mean 
and true coeflicitmtH of ('.xpansion in Ai*t. (U. d'ln^ true sptuufic heat 
is dilibrent for each temjjerature. I'he valiums given in Art. 80 are 
mean values witliiti a eei'taiu range of temperature. 

If and S,. he the triu^ values of the sptH'.ific heat at 0" C. and r® 
respectively, and a th('< (|uantity hy which this amount inereasos for 
eimh degree; then the tnie speeifie lu^at at r' is S„ + und the 

moan specific, ht?at hetwtwn O' and t' is S„ 

Dulong and Petit found for the vahuw of the mtum specific heat 
of iron— 

(a) Betwetm 0 ' and 100 (I ... ’1088. 

(li) Between 0 0. and aoi) ... -PilB. 
llem^e, for iron + 50e/ iU88 

and H, + 150n ’PJI8; 

a -00013 
and -1023 ; 

which gives hr iron, H,. ss -1023 + *000 1 3r. 

This expression is, liowever, ni»t to he relied m heyoiMl the 
temperature limits within which the <^xjH^riment« were miuhs as 
may he seen from the following values ftu* the specific heat of iron 
at various temperatures whic-h have recently been obtained— 


Ap|w»niitiati^ iitetm 

line ( 1 . 

SfiO” (\ 

aoo ' a i 50' (i. 

■ KU’C. 

Hircife*, htmfc 

‘isat 

•ltM7 ; 

•117.’. , -UltH : 

j -Oltf. 


These result* show, beHides a large? variatitiri with ttiiii{M?rutura, the 
exiitance of a maximum value at nlaiut 850” (I A iimilar miiximuiii 
value hw been found for nickol at idmiit SW 0. 
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Some metals show only a small change. Thus, for example, 
recent determinations of the specific heats of lead and tin near 
their melting-point, and of gold at verj’^ low temperatures, have 
given values very close to those given by Eegnault for oi’dinary 
temperatures (p. 87). 

Among the metals whose specific heat varies least with tem- 
perature is platinum, for which (Art. 74) Viollc found that the 
specific heat at any temperature r between 0” C. and 800" G. may 
be represented by the expression = ’0317 + *00001 2t. 

As the melting'-point of platinum is very high, and its Hpinutu! heat fairly 
constant, a mass of that substance is sometimes placed in a furnaci^ and then 
transferred to a quantity of water in order that the heat it gives out may give an 
indication of the temperature of the furnace. (8ce Miscellanoous Kxam])leH, No. 1.) 

On the other hand, Weber found that carbon, in the form of 
diamond, showed a remarkably rapid increase of specific heat with 
increase of temperature; and Dewar, hy di'opping a known weight 
of the substance into liquid air or liquid hydrogen and measuring 
the quantity of gas evolved, has shown its behaviour at low tem- 
peratures. Their combined results aT*c~- 


Temperature 

985” 0. 

(>06” 0. 

100” 0. 


a 

-m" a. 




(memi) 

(moan) 

(au'iui) 

Specific heat 

•459 

•441 

•19 

•0794 

•019 

*0048 


The variation is thus soon to be very groat, and not proportional to 
the temperature. The values obtained by these observers for graphite 
are nearly the same as those ol)taincd for the diamond at high tem- 
peratures but considerably dificrent at low temperatures, the I’ango 
of variation being again very large. 

Many experiments have ])oen made recently on speeifie, heat at 
high and at low temperatures. The results giveti above a!*e typical 
The following values of the specific heat of ice may ])o noted — 


Temperature 

o”a 

--48” 0. 

-188” (1 

-^220”(1 

Specific heat 

_J 

•504 

•468 

•285 

•146 


Most liquids also show a large increase of specific heat with 
temperature. That of alcohol, as determined by Him, is at 160" G. 
greater than that of water, which at ordinary temperatures is greater 
than that of any other substance except hydrogen. 

JSattelJi exapairjie^ a considerable mumbej: of liquids between the 
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temperatures of — 20"" C. and -- 100" C., and found in all cases a dimin- 
ution in the value of the specific heat as the temperature was lowered. 

Water,— M the unit of heat is defined (Art. 67) as the quantity of 
heat necessary to raise unit mass of water through V C., it is a matter 
of importance to determine whether this (piantity varies according 
to the point of the temperature scale at which the degree is selected 

In Regnault’s investigations of the specific heat of water, made 
with the apparatus sliown in fig. 40, he passed water at various 
tomperattires abov(^ 100 ' into cool water. He seems to have satisfied 
himself that its specilit; heat was almost (umsUnt. 

Jamin, employing the electrical method, found that the specific 
heat increases with rise of temperature, and at a rate greater than 
that assigned by Hegnault. 

Rowland, by an entirely diflerent method, explained in Art. 214, 
foimd that as the tcunpca’atttre is rais(ul from 4'* (1 the specific heat 
first diminishes and then incnuises, having a minimum value at 
29" 0., where it is about I per c(mt less thati at 4** C. Howland 
also made a series of independent experiments by mixirig masses 
of water at difiermjt tem|)eratureH its Hegnault did, and the resulte 
appeared to confirm those obtaintul from his iirevious method. 

The elaborates seu’ies of experiments liy Humi's place the mini- 
mum value at 37*5" 0. (Art, 76). 

Lildin, in madc^ some experiments by the method of mix™ 
turas, employing mercniry thermometers. His results sliow a mini- 
mum value for the Hpecific heat of water at about 25*' C. and a 
maximum value at about 85’ (•. (irifliths, in t\m exptu’imcmts 
iescribed in An. 21B, found that it tiiminished as the temperature 
mm raised from 15' to 25'. liarudi and Strac'.ciati employed the 
metluxl of mixtures, immersing in the water contoinnl in thts 
calorimeter either cold water at 0" or warmtw water, or a mass 
of metal whose spcnuflc heat was imeuraudy known. They found 
that the ipecifle heat had a minimum value about 20” iX 

Thus the results obtained by Howland have not Imen ihaken by 
further investigation. A careful correction of hii thermometers haa 
led to slightly diflerent values for the figures given in Art. 214, hut 
the oorrtiote<i figures itill show a minimum viiliie for the apecific 
heat of water at about 30 ‘ iX 

As Hisgrtaults ex|j«irimtints mwltifit viiriou« tempemturoi 

and pressurii indiciittMl that with air and the ** jMirroanent ” gases, 
the ipecifle heat remaifiiid constant. With mrlsMiic acid, on the 
other hand, the i|mdflc heiit wii« found to incrisi«e grailuiUly with 
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rise of temperature, as is the case with solids and liquids. Recent 
researches point to the conclusion (Art. 77) that the specific heat of 
all gases increases with the temperature; the change is very small 
for the elementary “permanent” gases, but considerably greater for 
compound gases and others more easily liquefiable. 

(b) Condition. — Where the specific heat of a substance has been 
determined in more than one state, it appears to be always greater 
in the liquid than in the solid or gaseous condition. Thus we have 
the values — 



SPKOIFIO IIKAT. 


Solid. 

Ii(inid. 

OUHOOUS. 

Water 

•.'iOo 

1 -ooo 

•48 

Sodium nitrate 

•278 

'•m 


Potassium nitrate ... ... 

•2;J9 



Bromine 

•084 

•107 

•055 


In cases where the chemical constitution is the same, the specific 
heat varies according to the molecular condition. Thus, the sp(icific 
heat of carbon in the form of the diamond at 11" is, according to 
Weber, T128, in the form of graphite at the aamci tetnperaturo it is 
•1604. At a high temperature, however, thcHc difFeronccH disappear. 

When a substance exists in the crystalline and amorphous forma, 
the specific heat is usually not the same in tlu^ two cases; tlms 
Wiillner’s values for arsenic are ‘083 in the crystalline form, and 
076 in the amorphous. 

The figures obtained as the value of the sptKu'fic lu'.at ly (lifibront 
observers for the same substance are not very (‘oiuun'dant, owing to 
differences in the purity and physical condition of tlui spocim(um,aH well 
as to the inexact thermometry of many of the (‘arli(»r measurements. 

(c) In the case of gases the question arises wluither the specific 
heat depends on the pressure. Kognault fotnid no variation with 
pressure in the elementary permanent gases, tloly, employing pres- 
sures between 7 and 27 atmospheres, found for the speenfie heat of 
air the value -1715 + *028(1 whore d is tlu^ demsity, and a nmch 
higher rate of variation for carbon dioxide, Kudge, enclosing carbon 
dioxide under high pressure in steel bulbs, which after heating ware 
immersed in paraffin, found a value as high as *48 at a mean tem- 
perature of 48'" C. 

8o. ATOMIC HEAT, (a) Solids.— It was fotuul by Dulong 
and Petit, on examining the values of the apecific heat found hy 
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them for a coriBiderable number of the solid metals, that these 
numbers were to one another in the inverse ratio of the numbers 
expressing the atomic winghts of the substances. This important 
result is embodied in Dulong and l^etiFs law: The. product of the 
specific heat and atomic weight is the same for elementary md)stance$. 
This product is tornKul the atomic heat of the subatatice. 

Kegnault <let(U‘mi!ied the specific heat of a large niunber of sub- 
stancoa, and the tal)le below shows the vahu‘- of the 8|)ecific heat 
given by him, tlie atomic weight, and the atomic heat of the more 
common solid elements. The numbers given for the apecifie heat 
represent the relative amounts of heat rt‘.({uir(Hl to raise unit mass 
of the BubstonceH thn)Ugh V’ of temperature, these aubstancas being 
taken in their ordinary solid st4ite at ordinary temperatur(‘,B. The 
numbers given as th(^ atomic wtn’ghts repre^sent the relative weights 
of the atoms as compared with that of hydrogem. 


EloriHtuti. 

Iltmt 

<S). 

Atomlu Weight 
(A). 

AUnula Boat 
(BxA). 

Lithium 

•OlOH 

7 

6*59 

BckHuiu 

•2en4 

23 

6-75 

Aluiriinium 

•2143 

27 

5*79 

PhimphoruH (woUd) 

•2120 

31 

«-/!7 

„ (Ihiuid) 

UHS7 


5 ’85 

Sulphur 

•2023 

32 

6-48 

Panwmum 

•KUK) 

39 

6-4K 

tnm 

•lum 

56 

6-37 

Ninkrd 

•umt) 

58 

6*27 

(julMUfe 

•1070 

59 

irni 

(h>plHir 

•0052 

63 

6-00 

Zimi 

•0050 

65 

6-il 

Bwmtnu (wiHd) 

•0S43 

HO 

6*74 

Arfumic 

•0K22 

75 

6-17 

Bilvur 

•0570 

■107*6 : 

6-13 

Titi ... 

•0fi4H 

n7‘3 

6*43 

Autimemy 

ItKlinis 

•0523 

120 

6*28 

*0541 

127 

imi 

Clohl 

•0324 

197 

6%18 

Pkiiinun ... ' 

*0324 

194-3 

6‘29 

Mtwuiy 

•03111 

200 

11*38 


•0314 

207 

ll•f»0 

Blwmitli 

•030H 

20« 

6’40 

Oarbwi 

•147 

12 

1*76 


PW] 


(5*111 

Ihiwm 

•25 

11 

2*75 


(•501 


|fc51 

Biliwm 

•no 

1 28 

4*11 

n • • t XI 

1*2031 

i 

i 

15-71 
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An examination of the table shows that the law of Hulong and 
Petit holds good approximately within the limits of temperature of 
Regnault’s observations; carbon, boron, and silicon, however, stand- 
ing out as decided exceptions. Weber showed that the specific heat 
of these substances increased rapidly with the temperature up to a 
certain value, which then became approximately constant. If this 
value (shown in brackets in the table) bo adopted, theii* atomic heats 
come out about 5*5. The recent work on specific, heats at liigh and 
low temperatures has not yet disclosed any single set of conditions 
under which the law is exactly true for all tlui elements. For metals 
of high atomic weight, such as lead and gold, the atomic heat is about 
6 at all temperatures, while for metals of low atomic weight it varies 
from 3 or 4 at low temperatures to 8 or 9 at high temperatures. 
The connection between atomic weight and specific heat generally 
is of a more complicated character than that expressed in this law. 

Specific heat is a complex quantity. It has been seen tliat it 
varies greatly with temperature; and it includes (a) the heat re- 
quired to raise the tomperat\u*o of the substam^e, (b) the heat ab- 
sorbed by the sul)stanco in expanding, and (r) possibly part of the 
latent heat of fusion, seeing that solid bodies ofttm begin to soften 
long before they reach their melting-points. The first of these 
effects corresponds to the “real specific heat”; btit how much heat 
is absorbed in the production of the second and third of tlu^sc effects 
is in most cases unknown. Where, as in the case of mnaiy metals, 
there are certain temperature limits within which tlu^ specdfic heat 
remains nearly constant, the atomic heat approac.lu^H v(U’y (dosefiy to 
the average value ()-4. And it is probable that the atomic*, heats of 
the solid elememts in a corresponding states would indicate btit slight 
divergence from this average value. 

(h) Liquids.— The law of Dulongand Petit is cpiite inapplicable 
to liquids. For example, bromine in the licjuid state has a higher 
specific heat than solid bromine, while its atomic weight is of course 
invariable, 

{g) Gases. — For the clomentfiry permanent gases wo have— 



SjwMrlfla 
at (UmRtaut 
I'reMure. 

Atotnio 

Weights. 

Atomic! 

Xlydrf)f(en 




Oxygen 

•2175 

Ml 

:C4H 

j Nitrogen 

•24n« 

14 

i 

a‘4i 

« — j 
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These ntomic heats are sensibly equal to each other, but quite 
different from those of solid bodies. 

8i. MOLECUIAE IIKAT. Compound Substances. —'The mo- 
lecular heat of a substance is the heat capacity of one gramme-mole- 
cule of the substance, i.e. of a mass equal to the molecular weight 
expressed in gramnu^s, ov the product of its specific heat and mo- 
lecular weight, liegnault found that bodies having similar chemical 
formuhe have approximately the same molecular heat. Kopp in- 
vestigated the specific heat of many solid salts, md found that the 
atomic heats of tlui elements as calculated from the specific heats of 
their compoutids coincided with the atomic heats of the elements in 
their free state. 

Neumann, who invt^stigated the sp<Hufi(! heats of many compound 
bodies of similar structural tyj)eH, propounded the law that the mo- 
heuktr hmt of a solid mnipound is equal to the sum of the atomic heak of 
its constitueni elmumJs, Hus statement is also sometimes referred to 
as Kopp^s law. I'o take an example. In iodide of lead (Pl)I.j|) the 
molecule conUiins an atotn of leatl and two atoms of iodiru), and the 
sum of the atomic heats taken fmm the table in Art. 80 is 20*2. 
The specific heat of the HubsUince being *0427 and its molecular 
weight 4()1, its molecular lieat (’0427 x 41)1) 19*7 as compared 

with 20*2 above. 

As examples of compotmd gases, selecting those which approxi- 
mately obey Boyh)*s law, we have — 


ilM, 


Molm’ulnr 



Wi^ljChL 

Ilttftt, 

(K) 

’2lfi 

2H 

fi-HB 

imi 

iSf» 

IUCf> 

a7B 

Oik 

*217 

44 

ICf.4 


•IfiH 


in»f» 


The figures indimte approximately that the atoms have the same 
capacity for Insat whether combimHl with dissimilar aUuns or not. 

Tilden has recently tested Kopp’s law by a long series of experi- 
ment*, at viirioiw temperaturea batw^aeii 1B0‘* tl. and 500'" (]., on 
the i|Micific himts of eompoinids of telhirinm with iilver anti nickel. 
He found that, at any ■temtairature within this riingft, the mmi of the 
atomic heats of the elements was always very nearly to the 

molicnilar liimt of the ttornjMmiid, Bimikr ^reement has l>een found 
in a large number of emm. 
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82. EXAMPLES. 

1 . Into a calorimeter whose temperature is 15*" are placed 34 grm. of water at 
a temperature of 50° C. The temperature of the two becomes 20'". What is the 
water-equivalent of the calorimeter? 

The heat given out by the water in cooling from 50'" to 20'" is 34 x 80 = 1020 
calories. 

Since 1020 calories warm the calorimeter through 5 degrees, its water-equi- 
valent is 1020 5 = 204 grm. 

2. The weight of a copper calorimeter is 110 grm., and the specific heat of 
copper is *095. 400 grm. of water at a temperature of 16" 0. are i)iit into the 
calorimeter, and then 60 grm. of a substance which has been heated to 98‘" C. art', 
placed in the water, whose temperature is now found to bo 21" C. Find the 
specific heat of the substance. 

Let S = the specific heat of tho substance ; then 

(1) Heat emitted by substance = 60 x (98 — 21) x H calories. 

(2) Heat absorbed — 

(a) By water = 400(21 — 16) calories; 

(5) By calorimeter = 110(21 - 16) x ‘095 calories; 
whence 60 x 77 X S = 6 x (400 + 10*45); 

/. 924 B = 410*45; 

/. S = -444. 

3. A ball of copper at 98° 0. is put into a copper vessel containing 2 IV). of 
water at 15° 0., and the temperature of tho water, ball, and vessel after the experi- 
ment is 21® C. ; the weight of the vessel is 1 lb., and the specific heat of copper is 
*095. Find the weight of the copper ball. 

Suppose tho ball to weigh x lb.; then 

(1) Heat given out by the ball is— - 

X X *095 X (98 — 21) = 7*315a; pound-degrees. 

(2) Heat absorbed— 

(a) by water is 2(21 — 15) 

{h) by vessel is 1 X *095 x (21 - 15) 

Whence 7‘315jr 

X 

4. A mass of 200 grm. of copper whose siMunfic Inuit is 0*09.5 is heated to 
100° 0., and placed in 100 grm. of alcohol at 8" 0., contained in a copper calori- 
meter whose mass is 25 grm., and the temperature rises to 28*5" (]. Find tho 
specific lieat of alcohol. 

(1) Heat given out is that from 200 grm. of copper when its temperature falls 
from 100° 0. to 28*5° C. 

H = 200 X *096 X (100 28-5) 

19 X 71*5 
= 1858*5 calories. 

(2) Heat absorbed is divided into two parts-- 


rr. 12 pound- degrees. 

*57 

12+ *57; 

^ 12*57 7*815 1*718 11). 
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(а) That abaorbed by calorimeter wtsighmg 25 gnn. when ita temperature rises 
from 8" to 28'5‘'. 

hi 25 X *095 X 20*5 
2*;i7r> X 20-5 
48*7 caloricjs. 

(б) That aVjaorhed by 100 gnu. of alcohol of ajmcific heat B when ite tempera- 
ture risea from 8‘^ 0. to 2B'5‘' 0. 

As - 100 X H X 20-5 
.■r: 2050 B caloriea. 

Now H - hi + Aa, 

i;mH-5 . 48*7 4-2050 8; 

2050 8 - - ia09*8, 

8 ^4; -oap. 


QUKSTIONS AND KXERdBEH 

1. One pountl of iron at 50” in put iutt) water at O"; (MuitraHt the effect witlt that 

produced by lulding ont» pmmd of watttr at 50”. 

2. DoHcrihe the inetluKl and appamtUH etnphtyed l)y Hegnault to determine the 

speciOc heat of a mt^tid. 

3. DcHcrihe Honn^ metlnxl of nuuwuring the apecifle heat of a licjuhi, 

4. Exphun Imw the npeeifie iitndH of twj> Huhataju'eM may be compared by luxating 

them and noting tlieir ration of eooling. If you wished to compare in tins 
way the aptwiftc hi-ntn of water uiul turpeutim% ntate exa<4ly how ytni would 
pnawed. 

5. Fajual known tjuimtitii^s oil ami water plawnl in two ealorimetorft, atiel 

a coil id wire i>f unkni>wti resistanee in inHerttsd in etwjh. (hirrentn of elec- 
triiuty art» pimni'd through the wires, tin* i-ttrrentH Innug fwljuHted ko that the 
rise of temperattire in the aiuim in t*aeh »>f the two tmlorirneterH. 8ht>w how 
to didermine hence the HjHnntlc heattif the till, and explain wl»at further date 
are rtH|uiiiitt? tti make the measurement exac’t. 

0. Kx|dain how the heat of air at a eonatatit preHsims htw Uitm deter- 

ni t net {. 

7. If the heat evolvttd by 1 kg. of water in etHiling <!own friim 100” (\ t«» O'* Cl 

were employwl in heating 10 kg. <»f nwrviiry initially at -’iO'"’ Cl, to what 
tiun|:a*riitttrii winild the mttrenry lwi raiaHl? 

8. A «i»lid at a ternpnraturt? <»f IO0"'Cyl weighing 45 grm, is dropte^l inte 120 grrii. 

of water lit 15” Cl ; the ti>mj«*raturts id the nmlfcing mixture ia 19*11” (I Find 
tho heat of the «flid. What further «x|airimeiitel data, are nueiJMiiry 

to give an liceurate reault! 

9. The Pjmnfici heat id tin la *004 In the C’entlgrai'le WImt ii it in the 

Fahrenheit wmlef 

10» A iniiw id IfiCI grm. id platimim at 90" Cl m |ikm.| in 100 grm. of fctir|iitntine 
ciontainwl within a ri>p|**'r ealoritiieter whoaij miiw is 30 gnu. ami whtwti 
teni|*eriiliirt» k lf»'* (I Thw final temfierature id the whole m 21*7'* CX Find 
thii apiteifiti hi’iii of the Itiititd, if that of imtitasr k *095, anti of pktmuiii 
•032, 
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11. What ia meant by the specific heat of a substance ? A copper calorimeter of 

specific heat 0*095 has a mass of 120 grm. and contains 280 grm. of water 
at 15° C. Find the specific heat of a substance when 375 grm. of it at a 
temperature of 100“ C. will when immersed raise the temperature of the 
water to 25“ C. 

12. A ball of lead at 98“ C. is put into an iron vessel containing 2 lb. of water at 

15° 0., and the temperature of the water, ball, and vessed after thti experi- 
ment is 21° 0., the weight of the vessel is 1 lb. Find the weight of the ball. 
(Specific heat of lead *0314, and of iron *114.) 

13. A copper vessel having a mass of 04 grm. oontjiins 300 grm. of water at 15° 0. 

In this are placed 256 grm. of copper at 96° C., and the final tempcjrature i.s 
21“ C. Find the specific heat of copper. 

14. What is the relation between the specific heat of a (U)mpoiind and that of its 

constituents? What is meant by the phrase atomic heat ? 

15. Discuss the most prominent exceptions to the law of Dulong and Petit con- 

necting the specific heat of a substance with its atomic weight. 


CHAPTER Vm 

LIQUEFACTION AN D SOLID lFICATION-»- L AT ENT HEAT 

We have now to consider the processes of change of state, under 
what conditions those changes occur, and what (luantitios of heat 
are necessary to effect them. 

83. LIQUEFACTION.— -Most solids have been caused by heat 
to pass into the liquid state, although some Bubataticcs melt only at 
very high temperatures, obtained by special means. Platinum and 
flint have been melted by placing them in a crucible of graphite in 
a furnace where a stream of air was maintained throngh very small 
pieces of coke, the combustion being thus very rapid, and giving the 
maximum temperature obtainable from burning carbon. Ruthenium, 
more refractory still, has been liquefied iu the oxy hydrogen flame, 
and carbon itself by a combination of this with the electric arc. As 
our experimental resources have become more extensive, refractory 
substances have been successively reduced, and evidence is thus 
accumulating that all substances are capable of existerice in eacjh of 
these three states under certain particular conditions of temperature 
and pressure. 

84. LAWS OF FUSION. — The laws of fusion may he con- 
veniently demonstrated by placing small lumps of sulphur in a flask 
pontaining a theriaomotor, and applying heat. The mercniry in the 
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thermometer gradually rises till it indicates al)out 115®, and remains 
stationary at that temperature till the whole of the sulphur is molted. 
When complete liquefaction has taken place, the temperature again 
rises. If the substance be then allowed to cool slowly, the tempera- 
ture falls to 115®, and remains stationary till the whole mass has 
solidified, when it again regtilarly falls. The distinguishing feature 
of the process is the fact that although during the change of state 
heat may enter or loavts the aul)8tance in large quantities, the tem- 
perature remains unchangcal. 

The temperature at whi(;h the melting takes place is different for 
different Bubstatuu^H, and is affected to some extent by the pressure 
to which the siibstancMi is subjected (Art. 90). 

Wheti th(5 pressures is that of the atmosphere, this temperature 
is called the melting-pomt of the solid. 

Wi) have thus a numm of rnainfcaitung \mdlm at a variofcy of tlofinite steady 
temperaturos by kooping tlunn ootutaot with somo suitable substance which is in 
the process of nudting. 

If the above experinumt be repeakMl with small lumps of sealing- 
wax or of glass, it will he found 
that the temperature mwew re- 
mains entirely stationary. I'he 
differeiuu^ may j)reHiuit<!sd to 
the eye by a (liagram such as fig. |. 

44, where time is set off along E 
the hon?;otit4tl axis and temj)era» I 
ture along tlui vertical axis. ^ 

Suhstitneas, then, may be , 
divided into two (dasses accord* ^5 
ing to their behaviour (hiring 
liquefaction; in the one class the 
process is a gradual one, rise of 
temperature Iming accom|>anied 
by a gradual softening; in the other the pnaams is abnipt 

When the })rocess of melting takes phun.^ gradually iw the tern* 
periituro is raiiocl, the substance cannot be said to have a meltitig- 
point. Bitch is the case with gliym, sealing-wax, and wrought iron. 
The existence of this intermediate viscems stage i«, however, of much 
practical use, Hinee the sidmtiuic'cs when in this |m«ty condition are 
capable of biting welded or drawn out i«t4i threiwJs. That which 
follow^! here iippliei only to those sulmtancoi in which this viscow 
stage, if it exist at all, ii vary short. 



Fig. 44 
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Latent Heat— The heat that enters a substance during the pro- 
cess of liquefaction is said to bo rendoied latent. Ihc word is a 
remnant of the language used at the 2)ci iod when heat was thought 
to be a subtle fluid, which in this process concealed itself from the 
thermometer. 

The latent heat has not been doatroyed, hut has done work npon 
the particles of the subst^nioo and communicated to them an C(|ui va- 
lent amount of energy. (Art. 231.) 

The latent heat of fusio7h of a suhtame is the nmnber of U7iiis of heat 
required to chaiige unit mciss of the suh stance froin the solid to the liquid 
state without change of teinpoTatum 

The Laws of Fusion thou aro-™(i) Under ordinary atmospheric 
pressure each substance begins to molt at a eei’tain ttnnperaturc, 
which is constant for the Siimo sul)stan(‘0 under the same presBure. 

(ii) The temperature of the solid romainH at this fixed point 
(called the melting-point) during the whole time of th(5 proc'.css of 
change. 

(iii) The melting-point of a substance dejxuulH on the j)roBBuro 
to which it is subjected; if the su])stanee expand on Holidifying, the 
melting-point is lowered l)y increase of pi*esHUi’e; if the suhstance 
contract on solidifying, ita melting-point is raised by increase of 
pressure. (Arts. 90 and 298.) 

(iv) Every substance dtiring fusion absorbs hmL 'Fhe (prantity 
absorbed per unit mass is constant under the same (‘orulitioriH and is 
called the latent heat of fusion. 

85. METHODS OF DKTERMININU MKi;riN(M>01NTS.~ 
The methods of determining nudting-points vary V(uy mucli accord- 
ing to the nature of the solid and the tempmvitui’c^ at whicli it melts. 

(i) For substances such as ice, the more easily fusible imjtals, and 
alloys which melt at ordinary temperaturnm and in whit*Ji by Htir*ring 
it is not difficult to maintain the whole mass at the same tmnpera- 
ture, the following method may be employed, lire sulmtancc^ is 
heated in a suitable vessel until a poi’tion of it is Ii<|uefied. The 
temperature indicated by an immeraed mercury thermometer when 
the mass is part liquid and part solid is the melting-point. It is 
sometimes convenient to place the thermometer in nuu’cury contained 
in a copper vessel standing in the given lirpiirl, rather than in the 
liquid itself. 

(11) For metals such as iron, whose melting- poirrts are higher 
than the boiling-point of mercury, the hunparatur'ci must l>e ascer- 
tained by one of the methods imliciited in Chap. X VIL 
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Violle dotermiiuHl the mol ting-point of platinum in this way. 
lie first found by the method given in Art. 74 that the true specific 
heat of platinum at any temperature within the limits 0 ® G. to 
800" C. might bo reproBcntod by the formula- 
s' -0317 + -0000 1 2 t; 

and assuming that this formula held good up to the temperature 
of molting, ho usc'.d it as a moans of estimating that temperature 
thus: Mo molted a ([uaatity of platinum and allowed it to cool 
slowly, so that a thin e.rust of solid liogaii to form on the liipu'd. 
This crust ho lifted otl and plac.od in a calorimotor which contained 
a known mass of water at 0 " G. The final temperature of the water 
was lb" G., and tlu^ nnmlior of units of luiat given out by one 
gramma of platinum in cooling from its fusing-point, to irf‘G. 
was found to be 74'7, But the total heat given out during the 
process of cooling is et|ual to product of the moan specific heat 
(Art. 79) and the fall of temperature. 

{•0317 + -OODOOfi/) (x -- 15) .= 74*7 
•OOOOOar" + *03 10 hr == 75’ 10 

a quadratic eijuation which gives ♦r rs 1779. (See Chap. XVII.) 

(iii) For Hubstances such as paraffin and wax, one may ol)tain 
a thin coating (»n the bulb of a thermometer by (lipping it in the 
liquid 8 ub 8 tanc(\ The thermtmud»(n* may then be allowed to slowly 
cool, and its tmnp^wature rc‘ad vvlum tlu^ change of appearance that 
indicates solidific-ation apptuu's. 1 'h(^ Uunperature should bo then 
agaiii slowly raistnl, and a reading taken when a change of appear- 
ance indicates that licpudaction has just taken place, d'he mean 
of these temparatures is approximately the malting point. 

Boroetimes tlm substance experimented on is |)Iaced in a small 
tube and tied to a thermomeUu*. Both btnng placed in a suitable 
water or oil Imtli, the changes of aippearanco and temparatura are 
noted as before. 

86 . TABLE OF MELTINOI’OINTS. The table given on 
p. 416 shows the cdiief results that havt^ IsHm obtained. 

It may be observed that hard htslies have high moltingqxjinis; 
and that the vahtes otitainod for the meItingqM>int 8 of fdloys arts 
usually low^er tliiin tlmse of the metiik of which the alloys are 
compostMl 

87 . METIiODH OF DKTKliMlNlNO LATENT HEAT. ■ The 
latent hwt of any sulmtiirico is usually determiiiod l>y the method 
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of mixtures (Art. 70). Of substances ordinarily met with as liquids, 
the latent heat is determined by lowering the temperature of a 
known mass of the substance until it solidifies, placing the mass of 
solid in warm water, and noting the fall of temperature of the water 
as the substance liquefies. 

Water. — The latent heat of water is the number of units of 
heat required to convert unit mass of ice at O'" G. into water at 
0° C., and may be determined as follows :~— 

A quantity of water — grammes— at a temperature somewhat 
above that of the air is placed in a calorimeter whose water-equiva- 
lent is grammes, their common temperature being Tj. Some 
small pieces of dry ice at 0" C. are then dj'opped into the calorimeter 
by means of a cold pair of crucible tongs, and the water is well 
stirred. When the temperature has ceased to fall, i.e. when all the 
ice is melted, the temperature Tj> is taken. The calorimeter is again 
weighed, and its increase of weight gives the xnass of the ice 
melted. Then if L bo written for the latent heat of ice we have — 

(i) Heat given out l)y the water and calorimeter in cooling from 

Tj to Tg, 

II = {m^ + m^) (tj — T^,). 

(ii) Heat absorbed by the ice in melting = and by the 

resulting water in rising from O'’ to r/ in tompc'raturo a further 
quantity = ???. 3 T 2 , whence the total heat absorbed is 

h = 77i,,(I. + T^); 

wherefore finally 

mj,(L + Ta) = + «(,,) (t, - T.j); 

whence L is determined. 

For example, if the calorimeter and contents were equivalent 
to 64 grm. of water which fell from 18"' to 10'' on the addition of 
5-7 grm. of ice, we have— 

5- 7(L + 10) = 64(18 - 10), 

6- 7 L + 57 = 512, 

Ij = 80 nearly. 

It is best to avoid correction for radiation of heat from the 
calorimeter by arranging the experiment so that tht^ final tempera- 
ture of the water is as much below that of thc’i air as its original 
temperature was a})ovo that of the air. This can be* dorm by a 
preliminary trial and calculation from the approximate results thus 
obtained, 
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Person ninde use of ico below 0", measuring tlio specific heat of 
ice simultaneotisly witli its latent heat of fusion. Ilis general 
arrangomenlH havc^ Ixum (lescril)e(l in Ai‘t. 70. Now, however, the 
ice was left ininun’Htxl in the calorimeter until the temperature was 
uniform throughout, and the calculation was as follows, the initial 
temperature of the ic(^ being of cotirse below 0‘‘C. :~ 

rjjit<5nt lifiat of wat«»r = L. 

HiMKsii'u; hoafc of ico H. 

Mam of ioo at. r," mx gnn, 

Mam of wario waUn* at. rg" Ms grio. 

Final Unnporatiircs of Iho wholo mum, 

Then we havt^ 

(i) Heat abHorbe<l Ity ice whih^ it.H t.(njiperature 

was rising fnmi — Tj ’ ( ’. to O ’ (1 

Heat absorlMMl by the ice in melting 

Heat ahHorhcxl by tln^ cold water tlnm 
fornuHl while its temptn'aUirt^ was risittg 
from O' to Hut final temptu'attire r.j" 

(ii) Heat evolved hy tint warm wattu’ iji coob 

ing from r.^ to 

Whemut U 

Several experinnmtH were made with difhu’ent values for — 
and each pair gavt^ twi^ HinmlOuieons e([uationH it) determim^ the 
two tuiknownn; or tlu^ vahte of S might Im^ iaktm from the experi- 
monte given in Art. 7‘J. 

The vahHM)f finally mlopte<l by Person was 80*02; and from 
his experiments he was led to ctnudude that the pnaatss of li(|ue- 
faction hegan at a tempera! itre sotnewhat below 0" C., and that 
a portion of the latent heat of licpiefaetion ('75 tinit) Wfwi token 
in while the ice was bidow O'”. 

The value cditoimsl hy Hunseri by means of his iee calorimeter 
(Art. 112) was 80, while liegnaulFs value wm 7I)'25. A tlifliculty 
in Bulwarks metlnsl lit^s in detormining the tlensity the iee. 
Bunsen's value for this wm *9157 at O'' (I, while other olmervers 
mako it m high as *917(1. If the lattor value \m taken, Btmsens 
value for the latent lieat of fusion of iee ixmtes out 79 ' 2 . It is 
difficult to eliminatci Inihliles of gas from iee as it ii forming, toikir 
detarmiriiitioiii of Ij apjamr to las in favour of a lower viilue than that 
of Bunsan. 

A MttaL—' Of iuliikiiicii which are oitliiiiirily mot with m »olkI» 

(0178) s 


I 
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the latent heat is determined by raising the temperature of a known 
mass of the solid until it liquefies, placing the liquid in cold water, 
and noting the rise of temperature of the water. Wo give Violle’s 
method for platinum. He allowed a certain weight of the molten 
platinum, which was in contact with its solid and therefore at 
melting-point, to run into a platinum eprouvette within a calori- 
meter, and found that the number of units of heat given out by 
1 grm. of molten platinum in the double process of passing into 
a solid and then cooling to 15" C. was 101*7 ; and of this, as 
previously found (Art. 83), 74*7 units were given out during the 
cooling. Therefore 10T7 — 74*7 = 27 is the latent heat of 
platinum. 

Glaser has made a number of determinations l)y the same 
method. His calorimeter was large, holding 40 litres. The metals 
were heated in an electric furnace (Art. 1 32) tln^ (diambor of which 
contained a gas that did not act chemically on the metal. He first 
found the specific heat of the metal at various tc'-mporattires, and 
from these values dedxiccd its value at the nutting-point. Thus 
knowing the specific heat at various temperatures, the heat given 
out by the solid in cooling could ho mort^ acxuiratcly calculated. 
The residual heat was, as above, due to the latent heat. His values 
were—- for lead 4*78, Hue 29*86, aluminium 76*8, copper 41*6, and 
tin 13*6. 

88 . SOLIDIFICATION.— The proctess of solidification is the 
converse of liquefaction. It usually takes place when the li(|uid 
is exposed to a low temperature, but is with dilliculty cfVected in 
the case of a few liquids. The study of this process involves the 
means of obtaining and measuring low temperatures. 

laws of Solidification.— (i) Under atmospheric pressure each 
substance begins to solidify at a certain temperature, which is 
always the same for the samo substance under the same pressure. 

(ii) The temperature of the licjuid remaitis at this fixed point 
during the whole time occupiotl by the change. This fixed tempera- 
ture, called the temperature of solidification, or in tlie case of water 
the freezing-point, is the samo as the melting-point of the solid. 

(iii) The temperature of solidification varies with the pressure 
(see Chap. XXVII). 

(iv) Each substance during solidification gives out a quantity of 
heat equal to the heat rendered latent during fusion. 

89 . CHANGE OP VOLUME DURING KOLIDOTCATION. 

— It is a general rule that during the operation of melting oxpan- 
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sion takes place, so that the licpxid is less dense than thc^. solid at 
the same tcmporattire. In Kopp’s expet-iments on this subject the 
substance was eiujloscd in a thermometer tuh(^, and c.ovcvrt^.d with 
some suitable li(iuid. The change of volume was doducc‘.d from the 
change of level of the licpiid in the tube. The following results 
were obtained 




Voluino at MoUIng^point. 


M tilling point. 

(a) Solid. 

(b) Lieptid. 

PlumphoruH 

44" 

1*017 

1*052 

Sulphur 

115" 

l*0i)G 

1*150 

Wax ... 

64** 

1*161 

1*1B(? 

Stt'ari(. a(U(l ... ... 

70" 

l*07il 

1*15)8 


All these substances, as is usual, expaiul on nu^ltiiig. 

In some (;aso8, especially when solidification tak(‘,H [)la(!e slowly, 
the solid is deposited in the crystjdlim^ form, as in the case of 
bismuth; and when this ocjcurs tlui pcunxliar molecular an*angement 
causes the solid to occupy more H\nivA) than the li([uid. Of such 
exceptional substanctm water is again tlu!! most i*emarkable. To 
determine the density of ice Hunstm placed in a bulb a known mass 
of ice at 0" (J. atid filhul the bulb up with mercury to a marked 
point. The ice was them melted, and while the water was still at 
0” 0. more mcn’cury wm passed into tht5 bulb to fill it up to the 
mark. The mass of this ad<litional min-emry was found, and its 
volume was then known, 'rhis was the umotmt by which the ice 
contracted or) melting. 'The value rleduced for* tln^ density of ice 
was *9167. Nichols weighed in air and in oil of known density, 
and found the density of slowly fro/.en pond ice to he *918 and of 
artificially prepared ice *910. Vincent ami IskIuc obtained values 
practically the same. At iHfb (b, Denvar found the value *93. 
At temperatures near O ' Cl water is probably not homogerusous but 
consists of a solution of ice in water. If ice were heavier than 
water, io that it siuik on forming, lakes and mm would gradually 
solidify from the larttoin upwarxl. 

Cast iron is anotlrer imjmrtant exception. This iulmtanee 
pandi as it |>a«se« from the licfuid t^> tlu^ plaatie state, the amount <if 
expansion being m much as 6 jmr cent; on further cooling to the. 
Bolid condition it aontnw:ti to about the iame extent. The fact of 
its ex|mniion renders it peeuliarly suitable for ciwting into mcnilda. 

Bismuth appears to exp,nd in imMing from the lii|uici to the 
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solid state by about 2-3 per cent; the specific gravity of the hot 
liquid is in fact greater than that of the cold solid. 

This change of volume does not iti all cases take place at the 
definite temperature known as the melting-point, l.ut extends 
through a small range of toniporature in the neighbourhood of that 
point. 

go. EFFECT OF PRESSURK ON THE MELTINCRPOINT. 
^It was pointed out hy Professor diunos Tdioinson on theoretical 
grounds that in the case of substances whiidi (‘haiigc thoii* volume in 
passing from the solid to the li<pii(l state, a cdiange in th<^ pi’cssuro to 
which they are subjected must ehange tludr nudting-points. He 
showed (see Chap. XXVII) that for 

Substances that ex- / in<Tomie of raincH ; 

pand in melting \ dccroaHo of promuro lovvtim tho m<iltdng-}>oint. 

Substances that con- f incmiHo of proHHur«‘ lovvors t.lu^ iiioltiugpoint; 
tract in melting 1 dccrcaflo of prossurt' huhoh tho molting point. 



Tlui <diarig(^ of pressure netumsary 
to eire<‘.t a large <diange in the 
mcUbig-poiut is very great; the 
most extaumu^ c.hange that could 
occur in the frec^/dug-point of 
water owing to c.hang(‘. of prea- 
sure of the atmosphere would 
not exceed 0. Theory 

shows that water would freeze 
under a pn'.ssuro of 2 atmospheres 
at a temperature of — *0074** (1 
(see Art. 21)9). 

Lord Kelvin expt'ritmmtally 
verified the prediction tlius made 
by mmm of thci apparatus shown 
in fig. 45. 

A mixtur(U)f water and lumps 
of ice, AAj was placed in a piezo- 
meter of tlrick glass, which also 
contained a manometm’, /, atid 
a thermometer, e. ’’rhe mano- 
meter and thcuinometar wore 
maintained in a convetiient posi- 
tion hy a ring of lead, e. 

The thermometer liquid was 


Fig. 45 
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sulphuric ether, whose eoeflicicTit of exj)aTision is largo. The in- 
strument was th('.r(!ifore V(uy sensitive, each division on the scale 
corresponding to a temperature dilFerenee of *0078“ C. ; it was 
protected from external j)ressuro by being sealed up within a 
tube, 0. The pressure was measured by the manometer, /, con- 
sisting of a straight glass tube containing air and standing in 
mercury. The pressure was applied by turning the screw at the 
top. The results were — 


rrt‘Hmu’(5 in 

Kail ot Touipin’aturo, 

Atnu)Bi)lunH‘8. 

Olmorvcd. ' 

(UilcnilttUul 

H'l 

■orc.r'o. j 

•0f)ir a 

16-8 

•I2jra i 

•128 a 


I 



Mousaon, employing a prossure estimated at 13,000 atmospheres, 
obtained ))y means of a screw forced into water contoined in a steel 
cylinder, caiised water to retain its liijuid state when immersed in a 
freezing mixture at — 20 ' 0. 

.For substances such as wax and sulphur, which expand on molt- 
ing, Lunsen showed that the melting-points were raised by increascr 
of presatire. Two strong glass tubes 
wore drawn out at each end into the 
form shown in (ig. 4G. A piece of wax 
was placed at u; tlu^ nunainder of the 
tube up to the point f contiiined mer- 
cury; and the portion Fic, which was 
graduated, contained air. One of the 
tubes was left open at K, the other was 
closed. Both wert^ fasteiHMl v(u*tically 
to a board which was low(u*ed into water 
of knowri temperature. The expansion 
of the mercury produced in the closed 
tube immense primsun% whiclj was mm- 
aured hy the manometer Fis. In the 
open tube the pressure wm always I 
atmosphere, and tlu^ lashaviour of the sulmtiuice in tlm two tul>es 
could by this arrangement be conveniently compared. The water 
was first heated until the substance at l> melted. It wag then 
allowed to cool, and thi^ temperature atid preisure notetl at which 
solidification took place. These ware the resulted”* 



Fiji. 46 
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Spermaceti. 

ParalUn. 

Pressure. 

Melting-point. 

Pressure . 

Moltiiig-poiut. 

1 atmosphere 

47-7“ 0. 

1 atmo.splien^ 

0. 

96 atmospheres 

49-7° C. 

85 

48‘9" 0. 

156 

0. 

100 

•mr a 


Hopkins extended those results to a proaaufc of 820 atmospheres, 
at which the melting-point of spermaceti was a])out 80". 

gi. Glacier Motion: Eegelation.— Porlxss, in 1842, called atten- 
tion to the motion of glaciers, which, although c.onsisting of solid 
ice, flow along their beds in the same manner as a viscous fluid 
would do. 

His explanation was of the following nature. Ice say at 
— -r C. is a hard solid, while at -1" (1 it has become a mol)ile fluid, 
and the change from perfect solid to perfect fluid does not take 
place suddenly and completely at 0" C., but is a gradual process 
extending through a small range of temperature about 0" 0., just as 
iron, sealing-wax, &c., when their temperature is raised, gradually 
lose their distinctive solid properties and acipiire more and more 
perfect fluidity, Forbes satisfied hiitiself that the interior of a block 
of ice was both harder and colder than the outside, and as the 
temperature of a glacier is always close to O ' 0. he com^ludcHl that a 
glacier is in a condition intermediate between that of ie(\ and water, 
partaking of the hardness of the one and the fluidity of the other'. 
But there is no evidence of the existence of this plastic condition in 
the case of ice. 

Faraday pointed out in 1850 that two jrieces of moist ice placed 
in contact will freebie together oven in a Tvarm atmosphere. This 
process-— called regelation is explicable on Korlms's hypothesis, 
because the colder ice on both sides of the thin fihn of water ab- 
stracts heat from the water and thus chills it to a temiporature Irolow 
that at which solidification commences. 

Tyndall propounded the view that tlu^ ice of a glacier was con- 
tinually being broken up by the forces to whi(;h it was subjected, 
and that the pieces afterwards froze together again; and showed 
that broken lumps of ice could be formed into one solid mass by 
pressing them together in a mould. The actual compression melts 
the surfaces in contact j the regelatiou takes place when the pressure 
is relieved. 
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The accepted explanation of regelation, however, is that pro- 
pounded by Professor J. Thomson as derivable from the fact that 
the melting-poitit of ice is lowered by pressure. It has been shown 
(Art. 90) that under a pressure of 135 atmospheres water is solid 
below — r‘ (i and li(iuid a])ove that tcunperature, i.c. under this 
pressure ice at O' cannot exist; it must melt. If two pieces of ice 
at 0*^ C. are iti contact under this pressure melting must commence, 
and the al)aorption of heat that accompanies Tuelting at once lowers 
the temperature. If, further, most of the water that has l)een 
formed escapes, cai-rying heat away with it, the temperature falls 
until the whole again frecw.i's. And, generally, the application of 
stress to a mass of ice tends to melt it fastest at those parts where 
the atn^ss is greaU^st and everywlu'.re where tluuu^ is any stress at 
all. The ice is thus in parts <‘ontimially melting, only to re-form 
either wholly or partially in otlu'.r parts. 

In the case of Faraday’s (‘.xperiiiumt the pressuro 1>otweeti the 
parts was due to capillary action. Tluj existence of such pressure 
is easily exemplifie<l })y tlie ditlieuhy in pulling ii8\mder two pieces 
of glass having a film of wat(‘.r hetweem them. 

The difliculty of making snowballs dtiring a frost is duo to the 
fact that the tempei’aturo of tht^ snow is so far l)el()W 0*^ that the 
pressuro applied is insuflicient to melt it. 

The following experinumt was made ))y Ik)tt()mloy. Over a block 
of ice supported at the ends lu^ placed a wire, and hung weights 
on the (nuls of the wire. I'he wire gradually passed through the 
ice, but the block remained whoh^ hecaiise although the prosstU’C 
under the win^ caused tlu^ ice there to melt, the water thus formed 
escapc^l to the top of the wire and tlume froze again. When the ice 
melted under tins pressui’e it almorhtul heat, so that the water itself 
as well as the i<;e near it was thereby ehilhul to a temperattir(‘. below 
0” 0. On escaping to the top of the wire tlu^ water was under only 
the ordinary atmospherii^ pressure and was ludow fr('(»zing”point, and 
therefore froze. Himn? t In^ itmiperature of ice and water just heumath 
the win^ is lower than that of the ice and water just above the wire, 
heat will therefore eonducted through the wire itself from its 
upper to its undcu* side. The cjuieker this transfer taktw place the 
quicker the cutting must preateed, kwause the water al>ove the wire 
must part witli luiat in onler to freeze, while tlie ice beneath the 
wire must receive hemt in onler to melt. This explains why it was 
found that with wires of diffarant materials !)ut otherwise alike the 
rate of cutting wm remghly proportional to the conductivity. 
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92. ICE CALORIMETERS. — Since th<‘, molting of 1 grni. of 
ice is known to be effected by the {ibsor[)tion of <S0 units of lu'at, we 
are able to find bow niucli beat a Ixuly gives out in cooling, and 
therefore its mean specific beat, by observing bow mucb ice it melts 

in cooling to O'". 

The foi'tn of caloi'imeter 
emjdoyod for this purpose 
by Laplace and Lavoisier 
is shown in fig. 47. 

A largo vessel a con- 
tains a smaller vessel B, and 
this a still smaller vessel A. 
Tb(^ vohs(‘.1h b and o are 
fill(‘(l with small pieces of 
ice at ()". 4dio body whose 
specific heat is to bo deter- 
mined is weighed, boated 
to a known temperature, 
and (piickly placed in the 
vessel A. During its cool- 
ing it melts some of the 
ice in n, and the water 
formed is drawn off by a Up and weighed. Tlie iecn in the vessel 
0 serves to ensure that no heat roaches b from tlu^ outside. 

The value of the apecifu', heat is calculated thus: Suppost* 5 gnu. of copper 
are taken from a chamber at 100“ and placc'cl in the receptatde a, and *575 gnu. of 
ice is melted, find the specific heat of copper. 

Let S = specific lieat re(|uired, 

then (1) Hc5at evolved from copper t-s H x 5 X 100 calories. 

(2) Heat absorbed by ice on melting - '575 X HO (!fdontiK. 

Hence 500 H *575 X 80; 

/. H '002. 

This calorimeter is not adapted to givt^ acctirate results, because 
some of the water produced in B remains adluu'ing to the ice. This 
difficulty has been avoided in the instrument next described. 

Bunsen’s Calorimeter.— Instead of detc^rmining the weight of 
ice melted, Bunsen suggested the measunnnent of the diminution 
of volume which takes place when ice melts. His calorimeter is 
shown in fig. 48. A reservoir aa' contains in its upper part ice, and 
in its lower part mercury, which also fills the tube B and occupies 
part of the graduated capillary tube ct Into the vessel A is sealed 
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LIQUEFACTION- AND SOLIDIFICATION 


105 


a test tube i), which contains a small qnatitity of liquid into which 
the substance whose specific heat is to bo detei'mitied is dropped. 
As the substance in i) cools to O'* C., the heat evolved molts some of 
tho ice in A, and the I'CvSiilting contraction in volume is indicated by 
tho retreat of tlio mercury surface in 0, 

It is necessary that there be no air 
within the vessel aa', and for that 
reasoii the water and mercury are care- 
fully boiled before being pla(;ed in tliat 
vessel. Tlie process of filling is that 
described in Art. 7. 

When the instrument is to bo used 
it is placed in a vessel c.ontaining snow 
or ice, and a (current of air is passed 
through some alcohol or ether pla(‘.ed 
in 1) (Art. IlG), with the nwdt that 
some or all of the wattu* in a fre(‘.y:eH. 

The li(iuid in o is then replaced by 

water at 0", and the tube (t raised or 
lowered through the collar u until the 
mercury in v> stands at a coinumient 
level A small j)i(H’e of tlu^ solid is then 
dropped into n, and the tnovement of 
the mercury surface in c o1)H(tv(hI 

Tlui vahu* in of tho <UviMionH on tho Htoin (' oan ho rt^adily obtained l)y 

placung in n, x grin, of water at r* (t, and obnorving how many diviaionH on tho 
atom corroHpond to thin known ovolutiou of xr oalorioH of lioat. Thin method han 

tho advantage of not invtilving a knowhidgo of tho latent heat of water. 

Or regarding the donnity of ieo m known we may pnatml by tmleulation 
thus : » 

101)0 c.om. of irt' make lOOt) e.rm. of w’ater, 

A reduotion in volume t>f DO e.ern. eorreH|MmtlH to the evolution of 1000 X SO 
calorioH. 

A rednetiou in volume, of 1 o,nim. eornsajMinda to th«‘ evolution of | calorie, 
and V e.mm. to |e t*ii,h»rieH. 

If the diamet«tr«if the iKU’eof the eapillaiy tulm I h' accurately known reduction 
of volume i« eiwily hnind, and the alnive r«4ation then givea the <|uantity of heat 
evolved. If thi« heat given out hy grin, of a aulrnttmcti whoats «|>€Kutie heat i» 
B in falling from r" CJ. to 0" (k, then 

m X H X r 

The iustrumant is used for the deUirmiriatitm of the heat 

of substarieaa that tm only l>e procured in small quantities. By 
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means of Bunsen's calorimctcrj for instance, W(',l)or determined the 
specific heat of carbon in the form of the diamond. But it is diffi- 
cult to obtain accurate results by it. Bunsen himself, in two deter- 
minations of the specific heat of calci\im, got values dilicring by 
two per cent. The motion of the mercury in the capillary tube is 
apt to be jerky, and the density of icc is not accurately known. 

93 . LIQUIDS BELOW THE TEMPERATURE OF SOLIDI- 
FICATION. — Water may by special means be maintained in the 
liquid state at a temperature considerably below 0 ”. h'ahrenhcit 
did this by exposing to a low temperature watc^r sealed up in a 
spherical vessel. Gay-Lussac maintained water at — 12 ^" (J. by 
placing it in a flask, covering the surface with oil, and keeping it 
quite motionless. Desprete found that water in capillary tubes 
might remain liquid at -* 20" 0. In all cast's, however*, sudden 
vibration or contact with air produced immediate and rapid solidi- 
fication; al)senco of air from the body of the litpiid is necessary in 
order that the phenomenon may occur at all. Otlurr substances may 
be made to give a similar result. Thus, if phosphorus be placed in 
water in a teat tube, and the tube put in a b(‘.ak(n’ of water which 
is gradually warmed, the phosphorus becomes liciuid abovtr 44" C,, 
remaining, however, at the bot.tom of the tube becaustr of its greater 
density. If the beaker be then left to gradually c.ool, the phos- 
phorus may remain licpiid till the temperature is 30" G., but the 
immersion of a lump of ordinary (not amorphous) phosphorus at 
once provokes solidification. 

The presence of a nucleus of some kind setuns the necessary 
condition that solidification may take place at tlu'. normal tempera- 
ture. Solidification of a liquid chilled Ixdow its point of corigelation 
always takes place if a particle of the solid be <h’oppe(l in the liquid. 
When the liquid thus commences to solidify, the latent heat of 
fusion is evolved, and the temperature immediattdy rises to the 
normal temperature of fusion. 

94 . SOLUTION.-- A large proportion of (dmniicul salts are 
soluble to a greater or less degree in water, tlu^ amount of salt that 
can be taken up by the water generally irujreasing with rise of tem- 
perature. Thus 100 parts of water dissolve al)out 17 parts of potas- 
sium nitrate at 10" 0., 32 parts at 25" 0., and 78 parts at 50" C. 
Sodium chloride (common salt) is a remarkable exception in this 
respect, 100 parts of water dissolving about 37 of tlie salt at any 
temperature between 0" and 100" 0. For each salt a solubility curve 
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may bo made showing bow many parts dissolve in 100 parts of 
water at various tompoi’aturos. 

Th<^ solution of the salt is itself accompanied by thermal changes. 
Thus if a measured (piantity of water be placecl in a beaker and 
tpiantities of common salt l)e gradually added to it, the temperature 
of the contents of the beaker is found to fall with each addition of 
the salt. 

If sodium acetate be the salt \ised, the temperature of the solution 
is found to ris(5. 

Th(5 heat of solution of a substamje is the (piantity of heat evolved 
or absorbed when unit mass of tlu^ substance is dissolved in a large 
mass of wattn*; and the molecular heat of solution is the heat of 
solution of oin\ gramme-molectile (Art. 81) of the substance. If iii^ 
grammes of water at temperature be placed in a calorimeter 
whose wati5rH',(puvalent is grammes, and grammes of a salt 
he added, the resultant tem|)erature being C.; then the quantity 
of heat absolved or evolved is 

II {{in^ + ?a.,) H + nk^ {r.^ 

where S is the specific heat of the solution ; and the heat of solu- 
tion is 

1 j(w, + ?«.,) S + Wi,.! {t„ - Tj} 

The molecular heat of solution is obttiined from this exj)reBBion by 
multiplying }>y the molecular weight of the salt. This (piaiitity may 
be positive or negative. 

All the more ecunmon gases dissolve in water with evolution of 
heat; most licpuds do the same; solids more often with al)sorption 
of heat. 

Depression of the Freezing-point It m a matter of common 
knowledge that thc^ freezingqK)int of sea water is lower thai\ that of 
fresh water. water freezes at about — 4*' C. Within limits 

the depression of the frc'CizingqKntit of a solution of common salt in 
water is proportional to the strength of the solution. 

liaoulFs investigaticniH showed that the freezing-point of any 
liquid in whi<’h a solid has lanm dissolved is lower than that of the 
pure liquid. The amount of this depression may ho hamd by Ifeck- 
mann^s apparatus (fig. 49). The vessel for containing the sol vent 
liquid is a long tiiit tube A having near the top a side arm n. liy 
means of a cork ring the lower part of A is supported within a larger 
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tub© c, and this passes through and is supported hy the lid of a 
large glass vessel E, which contains a cooling mixture adjusted to 
give a temperature two or three degrees below the freezing-point 
to be determined. The solvent liquid is poured into a, a thermo- 
meter T is inserted through the cork so that its bulb is in the liquid, 

and a stirrer F is also inscited. The 
stirrer F and a similar stirrer u placed 
in the cooling mixture are kept in 
motion, and the liquid in A, which is 
protected from rapid action l)y the 
air jacket in c, gradually cools to its 
freozing-poitjt, which is road on the 
thermometer. The salt is then added 
through the tube i), and the new 
freezing-point determined in the same 
manner. 

lUoult’s work proved that if there 
be dissolved in a larg(i mass of a liquid 
solvent one gramme-molecule of a sub- 
stance, then the lowcn'ing of the freez- 
ing-point is always the same whatever 
the substance disaolvcnl may be, pro- 
vided that the solution is dilute and 
non-electrolytic. The anunint hy which 
the freezing-point would he lowered 
when one gramme-molecule of a sub- 
stance is (lisKolved in 100 grm. of a 
liquid is called the molecular depres- 
sion of the freezing'-point For sub- 
stances dissolved in water the value 
of the constoit is ahotit 18*5. 

Tims if we dissolve 342 grm. of 
cane sugar in 10 litres of water, the 
freezing-point of the solution is de- 
pressed a certain number of degrees below that of ptme water. 
The same depression of the freezing-point is prcKluced by dissolving 
126 grm. of crystallized oxalic acid or 32 grm. of formic acid, the 
numbers 342, 126, and 32 being the respective molecular weights 
of the substances dissolved. 

On van t' HoflTs theory, solution is considered m the entry oi 
the molecules of one substance into the spaces separating the mole- 
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cules of the solvent. The dissolved substance is in a condition 
analogous to that of a gas, and obeys the gaseous laws. Heycock 
and Neville have found similar results when gold is dissolved in 
sodium. 

95. FREEZING MIXTURES.— When liqtiefaction is effected 
not by supplying heat from an external source, l)ut by the process 
of solution, the (piantity of heat absorbed is in some cases sufficient 
to cause the temperature of the solution and of bodies adjacent to it 
from which the heat is abstracted, to fall far htdow 0®. Such solu- 
tions are called freezing mixtures, of which the following are in 
most common use ^ 

(i) P()wd(irc(l Ht)diun) nulpluito or annnonimn nitrato, diHHolvod in water, may 
lower the temperature? of the* Holubion to -15" 0. 

(ii) All ordinary m<?anH of produoitif^ a low tompt?raturo m by mixing togtither 
anow or powdered ieu? and (?omnion salt. Tht?Ko HubHtanct?H™« lioth Holida— when 
mixed, produet? a Inpiid, the tennpt?rature of whie?h may fall to - 22” 0. 

(iii) by mixing emh^ium eddoride and anow in the ratio of 4 parts to 8, a iMpiid 
is prodiUH'd whose tmnpe?ratur<’ may fall aa low an ~-r>r* 0. 

Cryohydrates. (hitlnne found that if a weak solution of brine 
be exposed to gradually falling tcunperatures, the following phe- 
nomena occur. At a certjtin temperature a thin film of pure ice is 
formed, Init aonu^ of the li(pud remains unfrozen. On further 
lowering the tempiumture, more ice is formed, but aomo licpiid still 
remains, the solution laH^oming stronger. This process continues 
till the remaining liquid is saturated with salt, which always occurs 
at •— 22" 0., ami the saturated litpud then obtained freezes into a 
homogeneous solid, '^rhis solid is called a cryohydrate. The nearer 
the licfuid is to the point of saturation when the cooling commences, 
the lower must the temperature bo reduced before any ice at all is 
formed. 

If a satitraied solution of britie be subjected to a similar process, 
the solution gradually becomes slightly weaker owing to the deposi- 
tion of crystitls of cryohydrates, and at — 22‘ tt the whole freezes. 
No solution of water and common salt can exist in tlie licpiid form 
at a t6m|)erature below — 22*^ (1 This, them, is the lowest tempera- 
ture that can l>e obtained by mixing anow and salt. 

The same results follow whan other .salts, o.g. iodide of pot4m» 
sium and sulphate of atK,ia, are dealt with. When a solid sejmrates 
out from a solution the freezing-point of the remaining litpiid is 
lowered, and ultimately the residual H(|uid solidifies at a constant 
temperature. 



JIO 


HEAT 


It has been thought that cryohydratcs are definite chemical 
compounds since they melt and free^^c as a whohi at definite tem- 
peratures. But they are now usually r(‘.garded as mixtui'cs of the 
two mutually saturated solutions. Thci temperature at which the 
solid separates is the point of intersection of the curve of solubility 
with the curve which connects the temperature of freckling with the 
concentration of the solution. 


96. EXAMPLES. 


(L for ico taken as 79 f),) 


1. How nmeh mercury at 20'' 0. would he rciiuired to nutlt 1 kg. of ice at 
0° 0., the spociHc heat of mercury being *0113? 

Let X kg. bo the weight i-c(iuircd, the unit of lu'at. luuug tlu‘. major calorie 
(Art. 67); then 

i. Heat emitted by mercury in cooling from 20" to 0" sc X 20 X ’OJK! unit. 

ii. Heat absorbed by ko in melting — 79*5 unitn; 


/. ;« X •6() 
/. X 


79*5 ; 
7950 

m 


120 kg. 


2. 1 kg. of ico at 0” 0. ih phuunl in 5 kg. of water at 0" (1., and 1 kg. of nteam 
at 100" 0. ia passed into it. What will ho tlio temperature of the water if no heat 
is lost by conduction or radiation '{ 

Let the heat unit ho the major calorie. 

Let the final temperature h(i tr" (,). ; then 

(i) Heat <yw/m out by 1 kg. of Httuwn at 1 00" 

iu coudenmug to water at 100" 507 units. 

(ii) Heat ^iven out by 1 kg. of water at 100" 

cooling to or" (100 x) units. 

(hi) Heat absorbed by 1 kg. of um) at 0" 

in he(U>ming waU^r at 0** = 79*5 units. 

(iv) Heat absorbed by 6 kg. of water at 0" 

in rising to ar” Bar. 

/. 507 + 100 a; r 79‘5 f Qx ; 

/. 7u: 557*5; 

/. a; 79*6" (1 

3. The specific gravity of i<ai i.s *917. 10 grm. of inetfd at 100" (1 arc hn- 
mersed in a mixture of ice and water, and tlu^ volutne of the mixture is found 
to be reduced by 125 c.mm. without cdmnge of fcetnpcrature. Find the specific 
beat of the metal. 

Ijet X be the Hpecifio heat rtupured ; then 

(i) Heat given out by tins mt^tal - 10 x 100 X a*. * 1000 x calories. 

(ii) Heat absorbed by tlu' ic<^ in melting. 

To change 1 grm. of ice into 1 grm. of water rcfpuVeH 79*5 calories. 

To change o.mm, of ice into 1000 c,xtmu of water rtK|uirt»i 79*5 caloriee, 
i.e. „ „ 1000*5 „ „ „ 1000 „ „ „ ' 70*5 „ 
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Beduction of voL = 90’5 mm. corresponds to absorjjtion of 79‘5 calories. 

r)K 79*5 X 125 

” „ - < ,* „ „ « „ 


Hence 1000a; ™ 79 '5 x 
/. rr -1097. 


125 . 
90-f) ’ 


QUESTIONS AND EXERCIBEkS 

1. Explain carefully t-lui Htatcment that th«^ laUait beat of fusion of ice is 79*5. 

VVhat is the unit in ttsrnm of which the Intent heat is mcfisured? 

2. 2 11). of ice at 0” 0. are put in 5 Ih. of water at 10" 0. How much ice will 

melt ? 

3. 1 lb. of ice at 0" (J. is j)ut into 10 lb. of water at 26*5“ 0. What is the final 

temptu'atun) ? 

4. A mixture of i(‘e and watttr is reductxl in volume by 1 c.cm. What weight 

of i(H) has been melted? 

5. What would lu^ the volutne at 50*' 0. of Urn water obtained by nndting 100 

acm. of ict' at 0" Cl? 

[Mean eoetllclent of expansion of watt?r In^tween 0“ and 50" ; •000236, 

Specific gravity of ice *9167.) 

6. How many units of heat would m\im iv mixture of ict) and water to contraet 

by 50 c.nun.» if U)0 c.inm. of water at 0" C. become 109 c.nim. of ice on 
freer.ing? 

7. Btote the laws of fusion. What is tint effect of prt^SHure in changing the 

tt)mj»ertiture at which water freexes? 

8. Dehue what is meant by the “latent beat” of water; and state exactly how 

you will pnweed to mejisun) it exjHsrimentally, 

9. The latent heat of tin is 14*25 in the Uentigrade aeale. What is it in the 

Fahrenheit scale? 

10. What weight of ice would lower the Unnjmraturc of 30 Ih. of wattsr from 15^' C. 

tol2’*(l? 

Tht) Imat of fusion of iee may Ihh taken aa 79 (Imtigriule imits. 

11. 1 kg. of tin at 0 * U. is plaetnl in 20 kg. of water at 0" Cl, and 1 kg. of li(juid 

sulphur at 115 * <1 is piuimsl into it. What will Iw the temj>eratim) of tluj 
water if im heat i« hmt l»y eowdueiion or rwliation? (Hpeeifie heat of tin 
1)548.) 

12. A pound of ice and a pt»nnd of comtiitm salt, Isith at the same temperature 

(a lifcfcl«s Is’hiw wtH) (lintigriule)* an) mixini together. Explain the considur- 
abln fall of temiH<mtiire which 

13. A maw of iron weighing 400 lb., and whost? tempcratun.) is 440*’* Cl and a|«:Hnfic 

heat *114, i« placwl in a mixture of ice and water. How much i«i will bo 
meltfid if the latimt heat of fuaion of ico is 79*5 Ocntigrade unite! 

14. It is found that 3 HI grm. t»f nopiier at 100*‘ Cl will just melt 3’8 gmi. of ice. 

If tli® laitint heat of fusion of ion is 79, find tlio sjaicihc htmt of eopjatr. 

15. Explain the mtithml eiiiployo<l by Bunmui determine the B|Mici6e heat of a 

amall f|uantlty of a aul^tanco the melting of ice, and chiaorilMi the ap|A- 
mtua tuiiployeii 

16. In ft Ilunwn’i tmlorimtiter if the soctiou of the capillai^ tulw k 1*5 »tp min#» 
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and the morciiry surface is displaced through 4 cmi. when 5 grm. oc a sub- 
stance at 85" are introduced ; find the sptwdiic heat of th(^ substance. 

17. If 100 c.cui. of water in freezing bccoim^s 109 c.(un. of ice, and the introduc- 
tion of 20 grm. of a substance at 100*' C. into a Bunsen’s caloritneter cause 
the end of the column of mercury to move through 74 mm. in a tube 1 sq. 
mm. in section; find the spec^ifit^ heat of the substanct?. The latent heat of 
water may be taken as 80 units. 


CHAPTER IX 

PROrEKTIES or VAPOURy 

We have now to consider the change of state from liquid to gas. 
The conditions under which vaporimtioti can oc.t'ur and the proper- 
ties of vapours will be discussed in this chapttn-, and the heat 
changes that accompany the change of state will be treated of in the 
next chapter. 

97 . FORMATION OF VAPOUUvS IN VAOUO.*- ^'he term 
vapour is very generally applied to the gaseous state of substances 
that arc usually met with iu the solid or liquid 
state. 

Let several l)a!*onud»er tnla^s be filled with 
mercury and stand inverU^.d in a mercury trough 
(tig. 50). The mercury will stand at the same 
height in all the tubes, and iu the first tube, B, 
may remain unchanged throughout the experi- 
ment. 

By moans of a curvtid pipette introduce a 
very small drop of water int.o the scujond and 
third tubes, Wj and W.^, whi(‘h are of different 
sectional areas. In each tube the drop of water 
will, on reaching the vacuum, rapidly evaporate, 
and the column of merenuy will fall. If water 
continue to bo {aissod into these tul)e8 in very 
small quantities the mercury for a time con- 
tinues to fall, hut before long a Itwel is reached 
below which the mercury ceases to fall Any 
further water that may be introduced ceiwes to evaporate, and forms 
a liquid layer on the top of the mercury. The height of the column 
is tne same in as in Wj. 



mig 

Fig. 50 
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Now let liquid alcohol be similarly passed up into tube a and 
ether into tube e. The result is of the same nature as before, but 
the amount of depression of the mercury column is difiercnt for each 
different liquid. 

We have supposed that the temperature throughout has re- 
mained at some ordinary value, e.g. about 15'' C. Let now the 
flame of a spirit lamp bo cautiously brought near the thin liquid 
layers above tlui mercury in the tubes, and it will bo found that 
some of the litpiid will evaporate and the columns will be more 
depressed. If, on the other hand, any one of the tubes be cooled, 
some of tlu^ vapour cotuleuses into li(piid and the mercury rises. 

The Laws of Vaporization in vacuo may be thus stfited: — 

(i) A small (piantity of li(iuid introduced into a vacuum rapidly 
evaporates at any temperature. 

(ii) The <iuantity of li(pu<l that can bo made to evaj>orate m 
mcuo at a fixed temperature is limited, and is propoi'tional to the 
volume of the vacuous space. 

(iii) The vapour thus formed exerts a pressure on the containing 
vessel The pressure for any particular subBtauce at any fixed tem- 
poraturo (under ordinary (dreumsutnees and not in capillary tubes) 
does not rise In^yond a c.(5rUun value, which is (tailed the maximum 
pressure of the vapour at that temperature. 

(iv) Vapours differ from each other in the value of the maximum 
presaiire thc^y can exert at any temperature. 

(v) The maximum pretssure varies with the tctmperatiirc, grow- 
ing greater as the temperature ristss and less as it falls. 

98. 8ATUKATKI) AND UNSATURATKI) VAF()lJRS.-»~In 
the experiment just described the mercury continued at first to fall 
as more liqtud was passed above it, but this fall ceased when a layer 
of liquid was formed above the mercury. Thareffore in dmling with 
vapours in confined spaenm an itnportant distiriction must be made. 
If liquid is present with its va|H>ur, or, m it is commonly expressed, 
if the vapour is iu contact with its liquid, that va{K)ur is said to be 
satoatad; it is exerting its maximum pressure, and is at its greatest 
possible density for that particAilar tem|)arature. 

If any additional pressure put u|K>ri a saturated vapour it 
does not, as air dmm, increiwie in pressure as it ditninishes in volume, 
but the vajK>ur iMisies into the iiepud state. If the pressure u|Kn 
a saturated vajH»ur be diminishmi, in order that the vapour may 
remain satumted, some liquid must evaporate. 

(Jenerally speaking, if a vapour is not in contact with its liquid 

(C2TS) 0 
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it is not saturated, although it is, of course, possible for saturated 
vapour to exist when not in contact with its liquid, as it does at 
the moment when on a slow rise of temperature the last particle of 
liquid evaporates. 

If vapour be confined in a limited space with none of its liquid 
present, and in such quantity that it is exerting less than its maxi- 
mum pressure, it is unsaturated. It can be converted into saturated 
vapour by sufficiently lowering its temperature or diminishing its 
volume. 

99. UNSATU RATED VAPOURS. —Unsaturated or supciboated 
vapours approximate to the condition of the more permanent gases. 

Wo hivo now to de- 
termine whether they 
obey the gaseous laws 

“those of Jioyle and 

Oluu'ies — and if so, 
under what conditions. 
I'lu; methods explained 
in Ohap. V arc not 
geiuu’ally employed in 
dealing with vapours. 
The volutno of a given 
rnasB of the vai)()ur at 
dilTtuHiiit temperatures 
is not directly ob- 
served. 'I'lui principle 
of the method usually 
jfig. 51 adopted is to detor- 

tuine for each temper- 
ature and pressure the density of a given volume of the vapour as 
compared with air at the sfime temperature and pressure, taking 
care that no chemical action, such as decomposition into elementary 
gases, occurs to mask the purely physical laws. 

As it is known that air obeys very approximately the laws of 
Boyle and Charles, the comparison serves to indicate the extent to 
which vapours obey them. 

The density of a vapour at any temperature under the pressure 
of the atmosphere may be conveniently (k^termitied by the method 
of Dumas, whose apparatus is shown in fig. 51 . A thin glass globe 
B has its volume and weight whan full of dry air accurately deter- 
mined. The volume of the globe being known, the weight of the 
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air within is calcnlatod, and tlnxs the weight of the globe itseif is 
obtained. 

In this globe B is placed a considerable cpmntity of the liquid 
whose vapour is to be oxaininod. 

The neck of the globe is then drawn out to a line point j?, and 
the globe is fixed in a bath c, which is heated to any required tem- 
perature, higher, of course, than the boiling-point of the confined 
licpiid. 

If tlic vapour invcstigaUHl Uo wtoam, tlie bath may conveniently be of linseed 
oil, which <lo(!H not boil until the teuipt^ature reaoheH about 1175" (J. 

For the examiimtion of vaiM)urH at a hijjflusr temperaturi^ hatha of some fusilde 
alloy or of zinc may be um'd. 

The liquid within the glol)0 is thus completely vaporized, and 
the aperture at f being sealed up, the 
globe is allowed to cool. It is then accu- 
rately weighed; and the weight of the 
globe itself Ixnng known, that of the 
vapour within is obtairuHl Also since the 
volume of the glol)e is known, the weight 
of the air which would fill it at the ob- 
served temperattu‘(^ is calculated. 

The ratio betwcuui weight of the 
vapour and that of the air at the same 
temperature gives the density of the 
vapour. 

Victor Meyer’s Method. — In this 
method the ([uantity actually motisurad is 
the voliuxm of air displaced by the vapour 
evolved. I’he apparatus (shown in fig. 

52) consisk of a cylindrical Indh a, to 
which is attachcMl a long thin tube B Uir- 
minating in an enlargement and having 
just below 0 a side exit tulm i) delivering 
over a pneumatic trough ink) a graduated 
vessel E. The bulb a can Im heated in 
a bath contained in the vessel R 

A little iwbcsUw having l>a6n placed 
in the bottom of a, the bulb in fixe<l in Fig. aa 

position in the hath F ami htmtol U) the 

temperature at which the determination is to be made, which must 
be well above the lioiling-point of the liquid whose vapour density 
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is to be determined. The graduated vessel E being in position, 
the stopper c is momentarily removed, a small lightly-stoppered 
tube G containing a known mass of the liquid is dropped in on to 
the asbestos in A, and the stopper (J is replaced. The contents of 
the tube G are expelled and vaporized at once, and the air displaced 
by the vapour thus formed passes along l) and is collected and 
measured ixi E. 



Let V be the number of cubic centimetres 
of air displaced at temperature r and under 
barometric pressure P corrected for differ- 
once of level between the mercury surfaces 
and for the presence of a({ueDus vapour. 
Also lot m = the number of grammes of 
liquid vaporized; then the corrected volume 
of the vapour formed is - - 

V X 7:r6 X 


and its density = mass volume is— 


m ^ 760 
V P 


27a + T 

X ■ grin, per c.cm. 


To obtain the (hunsity with reference to air 
the a])Ove value must be divided by -001293. 

Gay-Lussac’s Method. In this method 
the volume occupied by a known weight of 
the substance in the form of vapour at a 
known temperature and pressure is measured. 
The apparatus as modified by Hofmann is 
shown in fig. 53. A long graduated baro* 
meter tube A filled with mercury and atand- 


Fig. 68 iug in a mercury trough is surrounded by a 

larger tube B, into the ends of which are 
fitted smaller tubes CD. A stream of hot vapour from some suitable 


boiling liquid passes in at o throiigh B and out at D, thus maintain- 
ing the barometer tube at the boiling-point of the selected licpiid, 
which may be ascertained by the thermometer ir. A known mass 
of the liquid whose vapour density is to be fotind is contained in a 
small stoppered bottle shown at Ch When this is laisaed^ up the 
barometer tube the stopper is forced out, the litpiid vaporizes and 
fills the space above the mercury. Thus the mass, volume, and 
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pressure of the vapour are all known, and the density m calculated 
from these data. 

The following results have been obtained by Cahours for water 
vapour: — 


Tdmperatiiro ((J(ni tigradts) 

107" 

110 " 

120 “ 

130" 

160" 

200" 

250" 

Density (air = imity) ... 

•645 

•640 

•626 

■621 

•6198 

•6192 

•(5182 


If, as the temperature increased, water vapour expanded accord- 
ing to the sanxe law as air, the density of the vapour relative to air 
at the same temperature as itself wotdd bo a constant quantity. An 
inspection of the ab()V(i figures shows that this is not the case at 
temperatures near 100', but that the approximation to constancy 
grows groatcn* as the tempei-ature rises. In other words, at tempera- 
tures not far above boilingq)oint unsaturated water vapour is more 
expansible than air at the same temperature; it does not obey 
Charles’ law; but at higher tempei'aturos it does so very nearly. 
There is no doubt but that at temperatures sutliciently high, water 
vapour would obc^y CbarU'.H' law as closely as air does. 

By the same method Cahours also examined the vapour of acetic 
acid, and the variation of density with temperature was found to be 
of the same (iharact(U’ as that of water vapour. At a temperature 
sufficiently above the boiling point of the li<|uid, the coefificiont of 
expansion of the va[)our became Honsibly the same as that of air. 

Bince, howcwer, the boiling-point itself depends on the pressure 
(Art. 109), onc^ mass of water vapour at 10^' or 20“ and at a low 
pressure, i.e. in a randied condition, may be as far removed from 
saturation as another umss at 200“ or 300“ under a higher pressure. 
Regnault, by a modification of his method for gases (Chap. V), exa- 
mined the behaviour of unsiittirated atpmoua vapour m vaem under 
feeble pressures at ordinary temperatures, and found that when the 
vapour was nearly saturated the gaseous laws were not obeyed, btxt 
that in proportion m. it was further removed from the saturated 
condition the more completely did its behaviour approximate to 
that of air. 

Several otliar methods have la^en employed which show the 
variations of density with pressure as well as temperature. Where 
the results are not complicxattal by the chemicml phenomena of dis- 
sociation, or allotropic intMlification, the olmervations tend to the 
conclusion, which appears to have been placed beyond doubt by 
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Herwig's investigations, that each vaponr, when very tai* removea 
from the saturated condition, has a definite density independent of 
the temperature at which it is observed. It is thus established that 
vapours far removed from the saturated condition obey ])oth the 
gaseous laws, and their behaviour is in these respects not to bo 
distinguished from that of the gases commonly called permanent. 
In Chaps. V and XI it is shown that the permancmt gases obey 
neither of the gaseous laws when they are under siudi prcissures and 
at such temperaturCvS as to be m^ar the point of li(|uefaction. '^Idiere 
is, therefore, no fundamental distinction between gases and vapours; 
the difFerences observed in ordinary experiments arc merely due to 
the fact that those experiments arc carried on und(u’ such conditions 
of temperature and pressure that the “ vapoiirs ” are nearly or quite 
saturated, while the “gases'' arc far removed frotn that condition. 

100. VAPOUR DENSITY AND MOLEOULAIt WEKIHT. 
— The determination of vapour densities is of more especial interest 
to the chemist, and in reference to molecular theori(^8. According 
to the law of Avogadro (Art. 233), c(iual volunum of gascjs or vapours 
under the same conditions contain the sanui number of moloculoa; 
hence a determination of the relative densiticss of gases and vapours 
is a determination of the relative weights of tlnnr molecules, llu'. 
real density of a gas or vapour is the limiting value that is reached 
at temperatures far above the boiling-point. 

The molecular weight of a subst/ance which can bo obtained in 
the gaseous condition is obtained by doubling its density as com- 
pared with the density of hydrogen. 

Thus we have-— 


Gai. 


Hydrogen 
Oxygen 
Nitrogen 
Carbon dioxide 
Chlorine 



Holntlvft 

Molornliir 

Muss of 
ono 

Wi4|?lit 

1000 


Density. 

Woighfc. 

timmino- 

inolncnki. 




gtatntuoiK. 

g'miunu'i. 


1 

2 

2 

•0898 


10 

82 

82 

1 '4886 


14 

28 

28 

1 '2544 


22 

44 

44 

I '9712 

.. 

86-5 

71 

71 

8- 1808 


One gramme-molecule (Art. 81) of any gas oeeupios 22230 c.cm. at 
standard pressure and tamporaturo. This is i\m volume occupied 
by 2 grm. of hydrogen, 32 of oxygon, Many numerical results 
for individual gases become common when we deal with one gramme- 
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moloculo, because in this quantity there are the same number of 
molecules whatever the gas may be. Thus for one gramme-molecule 
of any gas (Art. 54 ), 

_ I'V' _ 1-0136 X 10« X 22330 

K ^ ^ 

= 82-9 X 10^ 

101. SATURAl’EI) VAFOUItS.— If the vapour tubes of Art. 
97 stand in a reworvoir sufliciontly deep, such as that shown in hg. 
61 , tlie prciHHure on the vapour may bo increased by lowering the 
tubes in the incnmry. If this be (lone slowly when the vapour is 
exerting its maxinnun pnwsuro, it 
will bo found that tlie height of the 
morcuiy column above the surface 
of that in tlu^ rt^servoir docs not 
change. This shows that the pres- 
sure c/, whi( 4 i is tlu^ same m the 
pressure on, tlu^ nuM‘cury does not 
chatigo. The lowering of the tube 
is accompanie<l by a proportionat.e 
condensation of vapour into licpiid. 

If a 8 aturat(Ml vjipour 1 x 5 eotupremsed 
a portion litpu^ies, and if the (-hanges 
of pressure an<l volume of the vapour 
take place slowly, ho as to avoid 
disturbing 06044,8, the pressures is 
constant and at its maximum value 
throughout. Whemu^ it followH that 
Boyle^s law is cxunpletely inapplic- 
able to saturated vapours. 

102. VARIATION OF MAXI- 
MUM PRRSHURE WITH TEM- 
PEEATUEE. - -^dJne of the most 
importent investigations in this |mrt 
of the aulqect is the relation 1 ) 6 - 
tween maximum pressure and the 
tempomture. 

To detemine this relation Dal- 1%. m 

ton employee! the apjmmtus shown 

in flg. 54. Tim tu^ a was an oitiinary Imrometer, the tuba B was 
acaetly similar, but had a few dro|)i of water above the mercury. 
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Fig. 65 


Both stood in a mercury trough, and were aurrouudod hy a cylinder 
containing water, which was slowly heated l»y a furnace below. 

The difference between the heights of the nicrc.ury columns at 
any temporaturo whow^d tlic luaxiiuum 
prosHiiro of the a<|UC()UH vapour at that 
tompoi'aturo. When tlu^ wator in the 
bath boiled, the tiuin^ury in b Htood at 
the 1 ov(jI of that in tlui (‘intern li, show- 
ing that when water boils the prcastiro 
of its vapour is e(|ual to that of the 

atmosphere (Art. 109). 

Pressure in Communicating Vessels at Dijflferent Temperatures. 

—If two vessels a and n (fig. bb) in coinnmnieation with (^aeh other, 
and cotitaining nothing lint water and water 
vapour, 1)0 niaintairuid at dide.neit tcntipcu’atures, 
the pressure in both tends to lu*, that proper to 
the colder. The proHsur(\ in a, tlu^, warnun* vessel, 
will bo initially greater than that in n, tlie (bolder 
vessel, but the dillereiKu) of pn^ssure at oikjo h‘ads 
to a transfia* of va}K>nr to B, wIuum^ it (u)ndt'ns(‘H, 
and thus diminishes the })reHHure to the value 
proper to the temperatun^. of B. 

Eegnault’s Experiments on Maximum Pres- 
sure of Ac^ueous Vapour. Tin*, most acamrate (ex- 
periments on vapour |)r(eHHure hav<e hetm made hy 
Regnault. Me varied his tn(»thod a(!(a)r(Iing to the 
temperatunes employed. 

(i) For temp(eratur(m bietwtBUi 0“ iX and 50” 0. 
the method was (esmentially that of Dalton, modi- 
fied, however, in order to remove stmrees of error. 

His apparatus is shown in fig. 56. l\vo l)ar 0 '* 
motor tulx^H A and B standing in mercury passtnl 
through tlm l)ottom of a metal box v, having a 
plane front of plate glass. Tim l)ox (* camld bo 
filled with melting ice or with wiiUir of any km- 
perature, which could be lidjunted by a spirit 
lamp and reiul by a thermometer T, The tube 
B is an ordinary barometer, but A contains some water and water 
vapour above the mercury. The water in the vessel a mm kept 
■well stirred. The difference l>etween the levels in the two tubes 
was read by a cathetometer, corrections being rntwle for the layer 


Fig. 60 



PEOPERTIES OF VAPOURS 


1.21 


01 water in a as well as for the difference in shape of the surfaces 
of the mercury in A and B. 

ThiiH, for (sxaTnv>l(N at tins tomporatnro 15® if there were 18 mm. difference ot 
level and 4*25 nnu. of water in a, the proHsuro of the aipieons vapour would be 
4 *25 

ecpiivaltmt to tha.t of 18 •“ 12*G9 mm. of mercury. 

(ii) For tornperatiu*os btdow O'" C. the ap])aratn8 was modified, 
taking the form sliown in fig. 57. The vapour barometer A was 
bent round at tlie top and caused to end in 

a globe (3. T\m water in o was at first co 
tained within a small s(^aled bulb, and tl 
bulb was brolum by the af)])lic.ation of her 
The water or ico within the globe was a 
justed to the requir(Ml temperature by sur- 
rounding it with a Ii([uid freezing mixture 
of calcium chloride arul snow. Different proportions 
of those HubstancusH gave different tomporaturcs, which 
wore r<uul by a thermometer immersed in the mix- 
ture. By this means the pressure ivas observed at 
temperatures as low ns — 30" 0., at which tempera- 
ture its value is only ecpiivahmt to that of *01 in. of 
mercury. 

Although the*, timiperature of the vapour in the 
top of tlui tube A was not so low as that in c, the 
pressure, as shown above, is the same throughout, 
viz. that of the vapour in a 

Regnault’s results showed no distinct discontin- 
uity when the water became ice. For a few degrees 
l)tdow O ' (1 he ol) tained the value (»f thc^ pressure 
both when the vapour was in contJiet with ice and 
when in tamtact with water. 'Phe pn^ssure of the Fig. 

saturated vapour in the prestnna^ (»f its solid was so 
nearly the same as in tln^ presence of its li(jnid at the same tem- 
perature, that, no difbn’enee could be safely inferred. Kircbhof!, 
howewen*, Mhow<vl tliat such a diffaranee existed. 

(iii) For t.empcn'atunw above 50*' C., Regnault employed the 
apparatus shown in fig. 58. The methocl of obt4uning the vapemr 
at the different pressure's was to cause the licpud to hoil in an en- 
closed s|)aee under an air«pr«issure which could \m altered at will by 
a pump. The pressure of the vapour when the wakm boiled was 
that of the air above it. The water wiw k)iied in a copper vewel D, 




and the steam passed along a tube h into a reservoir c, wtiicn also 
communicated with one arm A of a Boyle’s tube, of which the other 
arm B was about 80 ft. high and open to the atmosphere. 

The tube e connected the reservoir c with the pump by which 
the pressure of the air in o was adjusted. Hinco this pressure was 
really the quantity to bo measured it was necessary that it should 

not 1)0 liable to change from 
accidental changes of tempera- 
ture. The globe c was tlicre- 
fore surrounded by a bath. 



The tube b sloped upwards, and was surroundcKl by a cold water 
jacket, so that the vapour was there condensed and trickled back 
into the boiler D. The temperature of the vapour in u was read by 
delicate mercury thermometers 4 the air thenncanc^ter benng also 
employed. 

Thus the vapour was produced and iU temperature reyul in o; 
its pressure was adjusted by means of the air in d, and measured by 
the manometer ab. 

An apparatus of this form, but stronger, was used to measure 
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pressiiroH between 5 and 27 atmospheres, at which latter pressure 
the boiling-point of warer is about 230"* 0. 

The results of Regnault as corrected by Broch are indicated in 
as much detail as our space will allow in the ta])lo on page 417 and 
by the accompanying 
figure 51), in which 
curve It reproHimts the 
variation of pressure 
with tompcrataire be- 
tween 0" arid 100", and 
curve I tiic variation 
between — 30" (I and 
50" 0., with tln^ pn^s- 
sure changes stu. out 
on a scale ten times as 
great as in curve il. 

Sin(*.e the curves 
are not straight lines, 
the presHiUHi does not 
vary in tlie same ratio 
as the Umipiu'aturc. 

Many attempts have been made to oxpreas the law cjonneeting them 
by means of a formula. 

The exproHsion finally adopted by Regnault was the following: 
log. P srr a — 
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where x is t 20; V is tln^ va|)our pressure in millimetres, and 
abcAi/i are nunnu’ical constantH, 

The tables tlumiHcdvcm am of gnuit value. 

By the Huiur mtatMulH «w tlKmi* nancrilKHi ii.lK>vo, Regnault ch(turuune<l the vajKuir 
pressure ul alreliul, et her, and ether HulmtancHw. The tmly one t hat himkI Iks noticed 
here in ruereury, the prewure (tf whoso va|«nir he found to ho *746 lum. at 100” 0. 
an<l *02 uuu, at tr CJ. Tins pn^HHure is practically insenMihle at nil onlinary tomptT- 
atures, and tluw the reading of the l>aromett5r nefnls nt» (’orrection on this account. 

103. DKNSrrV OF SATURATKI) BTKAMv^-A knowledge of 
the behavionr of sattirated nteam Inung of great practical imjKjr- 
tance, Fairbairn ami Tata invaatigatiHl it by timum of the apparatus 
shown in lig, bU. 

Within a kind of thermometer tube a exhausted of air was 
plactnl a small ktiown miws of water. This tube was placed in a 
reservoir B containing water, ite stem lieing placed under the surface 
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of mercury contained in the bottom of the reservoir, which itself 
was immersed in an oil bath C standing in a sand bath ix The space 
above the water in B communicated with a manometer M, and con- 
tained a safety valve. As the apparatus was heated the water 
vapour in A was always at the same tempera- 
ture as that in B, and at first the vapour in 
both A and B was sat.urated and exerting its 
maximum pressure, d'he pressures on the mer- 
cury surfaces at e were therefore equal, and the 
mercury stood at the same level inside and out- 
side the stetn. When, however, all tlie water 
in A was vaporized, water still remaining in B, 
further rise of temperature led to an increase 
of pressure in n over that in A, and a conse- 
quent rise of the mercury in the stem. 

At the instant when this rise commenced 
the known mass of satixratcul water vapour in a 
just filled a globe of known volume at the pres- 
sure and temperature given by the manometer 
and thermometer in B. 'Tlu^ density of the 
vapour was thus cakndable. 

The temperatures at which determinations 
were made varied from 58" (J. to 144" (1, the 
quantity of liquid in a b(dng varied in the dif- 
ferent experiments, and the results were expressed by tlu^ formula 

h 
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a + 


¥+- 


where V is the volume, ? the pressure, a ^ 25*r>2, b = 1C)77*6, 
and c = *0244. The tabular results are givmi on p. 417. 

The results obtained by Fairbair-n and Tatin art^ tmt (piite 
accurate, owing to the conderisfition whi(*h took platan on the walls 
of the vessel a. They endeavoured to avoid this by first super- 
heating the vapour 10^ C. or 20*^ 0, above ttu^ tcunpcu’atun^ of satura- 
tion, and taking the point at which condensation began as the 
mercury column was falling. 

Perot made experiments on several vapours l>y the morc^ direct 
method of weighing a bulb filled with saturated vapour at various 
temperatures. His values for steam are in general accord with 
those of Fairbairn and Tate, but are by no means identical. 

The experiments demonstrate that the density of a saturated 
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vapour is greater than that calculated from the gaseous laws. But 
the specific volume of steam, i.e. the volume occupied by unit mass 
at any tomperatui-e, xnay be calculated with moderate accuracy from 
other data (Art. 300). 

104. MIXTUJtE OF (^AS AND VAPOUR. — Thus far we 
have spoken of single licjuida evaporating in mcuo. Dalton examined 
the process wh<m a li(piid (ivaporatcd into a space already occupied 
by air, gas, or vapour by Tnea-ns of an apparatus 
similar to that shovvti in fig. 61. In that figure 
RR represents an iron reservoir terminating at 
the bottom in a vertical iron tube s, the whole 
containing nunHmry. In the bath stand tlu'ce 
barometer tu]>eH. Of tlu'se B servc'.s as a standard 
barometer with which to compare the others, and 
the mercury in the ttibe v also originally stands 
at the same lim’glit as that in u with a vacuum 
above the nuu’cury. 

Now let tluu’o he passed into the ttibe va suf- 
ficient ipiantity of some volatile li(juid to saturate 
the space; tliis will evaporate, exert pressure, 
and depnms the tmtvnry column through m milli- 
metres, whicR is the measure of the prtmHui‘(‘. of 
the saturatiHl vapour in vacuo at the ttun|)erature 
of the apparatus. 

The tul)t^ A wlnm placed in position contaitis 
some dry air. Its Heading is therefore y milli- 
metres below that of n, and thi^ position of the 
mercury surface is mark<Hl on tlu^ tube. The 
same liquid as was used for the tube V is then 
passed into A in sufficient (piantity to saturate 
the space al>ove. 

The totfil depression of the mercury column is now Ic^aa than 
X + y millimetres, becimse the air having expanded to fill the larger 
space exerts a pressure of loss than p millimetres, ite former value. 
To eliminate this t^fhwt the tulai a is lowered into the reservoir until 
the surface of the rnermuy ctfiumn stands again at the point marked; 
when this is dom^ the air occupies the same volume m at first and 
therefor© exerts tlm same pressure. 

The total |)nis«un^ of thc» gases in a is measured by the difference 
of level Imtween the mercury surfaces in A and b, and this is found 
to b© exactly a + y millimetres, of which y millimetres is known to 
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bo due to the coruined air, and therefore x millimetres must be due 
to the vapour. 

This value being the same as that for the vapour in the tube v, 
it appears that the quantity of vapour which cmi exist in any limited 
space depends on the temperahire orily, ami is the same whether that space 
he vacuous or already occuipied by (/as. This is Dalton^s law. It is 
assumed, of course, that the substances do not a(;t chemically on 
each other. 

The rate of evaporation is mncb greater in mruo than when air or 
another gas is present. 

If liquids be mixed, it is found that if tlie litpiids dissolve each 
other the vapotir pressure of the mixed licfuid is less than the sum 
of the pressures of the constituents, hut if the licjuids are merely in 
juxtaposition without nud ititeriuixture the vapour pre-ssuro is equal 
to the sum of tlui pressures of the constituent vapotirs. 

105. VAPOUR PRKSSURK OF S()IdIdd()NS.»»^Th6 vapour 
pressure of a liquid in which a salt has hcMui dissolve.d is generally 
leas than that of the solvent licptid, and tlui gt't^ator the proportion 
of the salt present the greater is the lowcu'ing of the vapour pressure. 
According to the theory of van ’t Holl, whic’.h is supported by 
Eaoult’s investigations, the relative lowt^ring of the vapour pressure 
of a solvent on dissolving a non-volatile sulrnuunu^ is e(|ual to the 
quotient obtained l)y dividing the numlxu' of dissolved molecules (n) 
by the number of molecules (N) of the solvent; i.e. 

P - P' _ n 
" F ““ N 

where P is the vapour presstme of the pure solvent and V that of 
the solution. The lowering of pr<mure is indepcimdent of the nature 
of the molectiles and is simply proportional to their number. The 
law is therefore generally applicahlt^ to all suhstanceB. 

106. VAPOUR PRESSURE OF SOLIDS: TRIPLE POINT. 
— The pressure of aqueous vapour in the prt^senee of ice is not quite 
the same as in the presence of water at the wuna temperature. 

In fig. 62 the curve AB represents the relatitm Irntween the pres- 
sure and temperature of water vapour in the preseneci of waiter when 
the temperature is near G. This curve is cmlltid tlu^ steam line. 
The experiments described in Art. JK) show that i\m melting-point 
of ice is lowered by pressure. Hence if wo have an enclosure filled 
with ice and water, no air and no vapour being present, the variation 
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of temperature with pressure will give a curve sloping in the direc- 
tion CD. This is called the ice line. In an enclosure in which the 
temperature is never al)ovc 0" C., and in which ice and its vapour 
only co-oxist, the variation of the vapour pressure with the tempera- 
ture will trace out a line qk, on the diagram. This is called the 
hoar-frost line. 

Regnault’s experitnonts did not justify the conclusion that the 
lines Qh) and QA were non-coincident. Kirehhoff, however, con- 
cluded that the two linos do not coincide; and Itfimsay and Young 
found that when water and y 
ice were contained in separate 
enclosures in contact with 
their vapour* at- the same pres- 
sure, the watrn* was colder 
than tire ice, indicating that 
QIC and QA ar<i separate curves. 

The three linos inUu’sect at | 
one point q, which is there- g 
fore calhsd the triple point. 

This point is obviously near 
to 0” ()., as the thi’tv^ sets of 
conditions demand that ice, 
water, and steam shall exist 
togr^ther at tins prH'.HSure and 
temperature indicated by q. ^ 

The t(nnperatur(*. may b(^ cal- 
culated thus: Sinecj pressure 
lowers the meltirrg point of ice hy *0074® per atmosphere, the melt- 
ing“poiirt of ice undtu* no pressim' is *0074® C. Now if ice bo under 
the pressure of its own vapour, which is very nearly ocpial to that 
of 4*57 mnr. of mercury or *006 of an atmosphere, its temperature 
will b(^ slightly lower*ed by this small pressure. The amount of the 
loworirrg is 'OOO x *0074® » •0000414® 0. The meltirrg-point is 
thus *0074® - •()(){)0444‘’ « -OOTarra^G, which is tln^ temperatiu'e 
of the triple |K>int. 

107. DENSITY OF MOIST AIR, It is often reepured te find 
the mass of water vapour present hr a given volume of damp air. 
Proceeding on the assumption that the vapour obeys the gaseous 
laws, the exprtmsion may be obtained from that found for air in 
Art. 66 by multiplying that expressiorr by *62, which is the density 
of aqueous vapour compared with that of air. Thus we have— 
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I Pressure in Milli- 
i metres of Mercury. 

Temperature. 

Mans in Oramnies of one Litre 
(1000 c.cm.). 

760 

V 

0” 0. (278) 
t“ C. = 8 

•()‘2 X 1-293 

•62 X 1-203 X - X 

7(K) $ 


6 and 273 being the absolute toniporatnros corresponding to C, 
and 0 ° C. respectively. 

Then in a litre of moist mr at the absoluto temporaturo d and 
at a total pressure P, the air containing vapour at a pressure p, we 
have — 

(i) A litre of water vapour at a pressure yi, weighing 
•62 X 1-293 X X = -4644 X -02 x ^ grm. 


(ii) A litre of dry air at a proaanro P - p, weighing 


1-293 X - 7 -yQ- X X ‘ 


0 grni., 


the combined mass being 1*293 X 


P 


760 


•aaj? ^ 273 


When a gas is collected over water evaporation takes plaxie at 
each bubble and the collected gas is gtmerally saturated. The 
quantity of dry gas may be ascertained from the above expression. 

io 8 . EXAMPLES. 

1. 100 c.cm. of oxygen saturated with water are ooUeeted at a prewure of 
740 mm. and a temperature of 15** 0. Find the volume of dry oxygen at 0® and 
760 mm., having given that the maximum pntwure of lUjueouH vajiour at 15* is 
12*7 mm. 

If the aqueous vapour ware removtHl them would remain 100 e.etn. of oxygen 
at 15“ C. and (740 — 12*7) nim. prossuro, 

IW ^ F.V,. 

0 , * 

. 760^ 727'a K 100 

* • 278 * 288 ' ’ 

. V » 7278 X 278 

* 90*7 a.eriu 

2. A quantity of dry air measurfis 4500 aem. at 10* (I anti 700 mm. prc»am 
If the air be heated to 33® O. and saturated with va|K>iir at that tem|i«ratur«, ind 
the volume of the mass of air in order that tho prowur© may ba dcmhli^ th# 
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elastic force of the vapour at 33” 0. being represented by a column of 37*41 mm, 
ot mercury. 

(1) At 10", Vi 4500; I,\ := 700; 6, ^ 283. 

(2) At 33“ tlui total pri'SHurc^ is 1520, but of this 37*41 is due to the vapour, 
the pressure of the air is tluu’ofore 1520 — 37*41 = 1482*59, 


whence P.j = 1482*59; 0.x = 306; and is to be found 


Since 


Vil\ 

Oi 

V, - 


/. V., 


VA. 

0^ ' 

300 X 700 X 4500 
283 X 1482*59 




.Vi. 


■ e,'i_ 

2494 c.cin. 


QUESTIONS AND KXEUOISES 

[For Vapour Premurts ue Table m p. ^77.) 

1. Define the tenns boUln</-pomt of a liquid and saturated vapour. State how 

the density of saturated steam at difftrpuit tempctratures has be,en measured. 

2. State Dalton’s law as to tht^ pressure of a mixture of gases and va|wmrH. By 

what experinumts would you verify it for air and water vapour at a temper- 
ature of about 50"? 

8. Give an account of the methods by which the maximum pressure of aipuums 
vapour at various temperatures has Ikhui det(tnnined. 

4. 1 1. of dry hydrogen at O ' U. and 700 mm. pressure wtughs *08936 grm. Find 

thti weight of 1 1. of hydrogen (Mdh‘eted over water at 20” O. and 705 mm. 
presHurtL 

5. A (piantity of air at 12" U. and 730 mm. pn^ssuri* (X)lleeted over watm* measures 

250 c.em. Kind tlm volume of dry air at 0” 0. and 700 mm. pressure. 

6. Kind the mass of 50 c.dm. of atmospheric air saturaUnl with acpieous vaiwur at 

27” 0. and under a pr<'SHure of 740 mm. of mercury. 

7. Find the mass of 0 1. of hydrogen collected over water at 18” (1. and under 

750 mm* pressure, givt*n that 11*2 1. of dry hydrogtm at 0” 0, and 700 mm. 
weigh 1 grm. 

8. 2000 e.cm, of oxygen at 15” 0. and 753 mm. prt^KHure has txdh'cted over 

water. Find tlm volume of dry oxyg('n at 0 ® 0. and 760 mm. priwure. 


Cl I AFTER X 

EBULIATION. LATENT HEAT 

log. KBULLITION.— In tho last ehaptor it was shown that a 
liquid undor certitin conditioui passes into vapour at any Uunpora- 
ture by the prmiesi of ovaporation. At a eartain temimraturci, how- 
aver, this premass givas way to boiling or ebullition, a mo<l6 of 
vaporimtion that for ariy fixed pressure takes place at one definite 
temperature only, wheii bubbles of gits are fonnal within the mass 
(om) 10 
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of the liquid. The process of ebullition can be readily observed by 
boiling water in a flask over a spirit lamp. At first small bubbles 
are seen to form on the sides of the glass and to rise to the surface; 
these consist of air. Then at certain points of the lieatcd lower 
surface larger bubbles arc formed which diminish and collapse when 
they pass into the colder water above; these are sttiam. When these 
steam bubbles cease to collapse but reach the surface and pass into 
the space above, the water boils. If a thermonun.er bo placed in the 
water it will continue to indicate a rise of temperature until this 
third stage is reached, when the mcrcuiy will remain stationary 
although heat continues to be absorbed by the liquid tintil the water 
has all boiled away. 

If the process be repeated with alcohol, ether, sulphui’ic acid, 
and other liquids, it will bo found that each liquid boils at a dilforont 
temperature. 

Effect of Pressure on the Boiling-point. When we 8])oak of 

the boiling-point of a li(pud wo moan the tempt'.rattire at which the 
liquid boils under normal atmospheric pressure, for a licpiid can ho 
made to boil at temperatures considerably above or below that at 
which boiling usually takes place. In fact, ))y simply immersing the 
same thormomotcr on diflbrent days in ]>oiling water, perceptible 
differences in temperature may bo found, duo to the ordinary varia- 
tions in atmospheric pressure. 

In an experiment devised by Fraidiliu a flask is halfdilUul with 
water, and the water is made to boil for some time till most of the 
air has been expelled from the flask, which is tlum eor*ked and in- 
verted. If a lump of ice be then placed on the flask, ebullition re- 
commences and continues until the temperature of the water is far 
below 100^’ C. This result is due to the condenHation of the steam 
above the water, and the consccpiont dimitmtion of the pressure on 
the surface. 

The temperature at which any liquid boils undtu’ any given pres- 
sure may bo determined by KegnanU/s apparatus, shown in fig. 58. 

Any liquid boils at that temperature at which the prtmsurt^ 
exerted by its vapour is equal to the pressurt^ upon the surfaces of 
the liquid. 

The boiling-point of any liquid undor standard atruosplicrie prtiHHiwi iMting 
thus a perfectly definite ternpttrature, the irninomtou of a in the va|Kmr of 

a boiling licjuid bocomoH one of the nnsans of nmintainirig the vtswed at a steady 
temperature. Thus the va|KHir of oil of tur|Hmtine gives a tem|Htraturo of 159^, 
snlphunc acid 325®, mercury 853®, sulphur 444®, and chloride of zlno and cadmium 
still higher temparaturea. 
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laws of Boiling:— 

(i) At any fixed pi'essuro eacli liquid begins to boil at a certain 
definite teinporaturti. If the pressure be that of the normal atmo- 
sphere, the temperature of the vapour during ebullition is called the 

boiling-point. 

(ii) During the procosH of boiling this temperature remains un- 
changed. 

(iii) The tomporatui'e at which any li<juid boils varies with the 
pressure. 

(iv) During the proeesa heat is absorbed or rendered latent. 

The hypsometer.* -The pressure of the atmosphere is less at 

the top of a mountain than at the sea level, and water therefore 
boils at a lower temperature on a mountain top. 

By obaei'ving the ttunporature indicated by a thermometer 
immersed in the steam fi*om water boiling under atmospheric 
pressure, we can, from Regnatdta tables, deduce the pi*esaure of 
the atmospheni, and when the pressure of the atmosphere is 
known the height above the h^'el of the sea can be found. The 
inatrurnent used, called a hypsometer, is shown aiul described in 
Art. 7. 


The principle of tlu^ calculation is as follows: If we take a series 
of heights above tlui s('.a hnud which form an arithmetical progression, 
the heights of the barometric (*olumn at these stations form a de- 
creasing geometric pi'ogressiott. From this it follows that the differ- 
ence of level X between station A where the pressure is and 


station 1^ where the prt'ssure is IL is proportional to l()g„ or om- 

1 2 

ploying ordinary logarithms 


^ 2-3 Q (log P, - log P,,), 


wheni Q is a constant. This (piantity Q is the height of a homo- 
geneous atmosphere, i.e, the height to wduch the atnumphere would 
extend if it were homogemeous, and everywh(u*e at the same density 
as at the mm level The value of Q is very nearly 800,000 cm. 
(about 5 miles). Hcuiee 

x ^ 1840000 (log Pj — log 1\,). 

Thug suppose at the hospice (jf St. (lothanl water boils at 93^1 
Then reference to the titbkis of va|K)ur pressure show that the 
pr«wure of the atmosphere ia 5B‘B cm. 
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if rc represent the height above the sea level 

. 7 ; = 1840000 (log 76 — log 58*8) 

= 1840000 (T 114) 

= 205000 cm. 

= 6830 ft. a})j)roximately. 

The process of finding hciglits hy this nutans is called hypsometry. 

Papinas digester (fig. 63) is employed for tlui purpose of raising 

watc^r to a high temperature by 
heating it tiruhn’ great pressure. 
It consists of a very strong l)ron 26 
vessel, the lid of which is hold on 
by a screw. In this lid there is a 
valve, which is pnmsed down by 
a weighted l(iV(U‘, and from this 
valve steam (^scapes atul lessons 
the presHun^ inside wlumever that 
pressure Ixu’.onu^s grcMiter than that 
exerted hy tln^ w(‘.ight.(Ml lever out- 
Hid(5. Tho Haf(4y valv(^ tlms pre- 
vents the vess(‘.I from Imrsting. 

a strong vu^sstfi of this kind 
water may be raiscul to a very 
high temperatun^ ; hut tln^ pres- 
sure is gr(^at, as much as 240 lb. 
on tho scjuaro inch when the temperature is 2()(r il 

Theappamtu.s is used UMvUocti oiua'utioim whii-h n«juin‘ water U> hoahovenOO", 
finch as the extraction of j^n'lntino from htmt's. Hoims such conirivanct' must also 
be used to cook food in places wlmrt?, owi«f( to diminiKhcd presHuns wat<n‘ boiling 
in the atmosphere is not suflicicntly hot to cook it. 

no. EETAEDATION OF BOlIJNCb The process of boiling 
has often some difficulty in commencirjg. This ap|)ears to be duo 
to the absence of air. When water cotnnumccw to boil the bu!)f)loa 
formed on the hot surface are small, and increnHO in siy.e as tlicy rise 
through the liquid. The origin of tlnw^ bubbles is a sinall (piantity 
of air present at their point of forrnaiicm int.o which the water 
evapomteSj and unless there Im present within tin*. li(|uid small bubbles 
of air into which this evaporation can titkt^ place, boiling d(jes not 
commence at me temperature correHjK>ndirjg to tlu^ presstu’e. Thus 
Dure water under the normal pressure hoik at 100” C. in a metallic 
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vessel, but in a (‘l(‘,an glass vessel its temperature may be raised 
several degrees higher before boiling commences. 

Donny placed sonui water in a bent glass tul.)e which had been 
most carefully cleaned, boiled the water for a long time to expel all 
air, and sealed the tube during e})ullition. The water thus confined 
in a spac(5 almost perfectly destitute of air was raised to 137'" C. 
without boiling, but at that temperature elmllition commenced with 
explosive viohmee. 

Dufour pn^pared a mixtui’c of linsecid oil and essence of cloves, 
having a density (ujual to that of water at 100'" C., and heated this 
li(piid in an air ))ath. When the temperature was 120" a large drop 
of water was allowi'.d to fall into the liquid. Part of the water 
passed into vapour, the nunainder split up into small drops which, 
remaining susptmde.d in the oil, retained the litpiid state even when 
the temperaturi^ n^ac.luul 180". 

When a li({ui(l is in this superheated condition the introduction 
of the smallest <|uantity of gas or vapour prodtices violent ebullition. 
This eilect follows tlui introdu<‘.tion of a solid rod, but it is almost 
certainly duo to tlu^ air condenscul on the surface of the rod. ddie 
gas need not \h\ air, however, for the sudden ol)ullition tiikos place 
when a small <inantity of any suporheatod licpnd is docomposod by 
the passages of an (^hwlric, current between two ter- 
minals innmu’Hod in the li(jni<l, if one of the products 
of decomposition be a gas. 

III. DKTKUMINATION OF BOILING - 
POINd\S. ' 'riuH Uunpi'rattu-e may be conveniently 
detornnhuul by boiling the Ii(|uid in the hyimometcr 
shown in lig. 3, or in a flask fitted tip as shown iji 
fig. (>4, The vapotir of tlu^ licjtud passtw nj) a tul>e 
m?, and issnew by a tubc^ A, whence it may, if neces- 
sary, be conducted to a cold vessel and comlensad. 

The thenmuneter passes down the middle of the 
tithe mq ho that its stem anti bulb art^ all in the 
vapour and tlieri^fort^ at the same temperature, while 
an outer tube r prt»tectH from radiation that portion Fig. w 
of aa whicli is outsitle the flask. The height of the 
barometer shoultl bt' tdmtuwed and a corrtHjfcion made for deviation 
from the Hiandard prtmsure. 

iia. BOIITNCUFOINTH OF HALT ^BOLLm()NH.— The 
genaml eflect of tlissolving a salt in a litpiid is to raise the Imiling- 
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point of the liquid, and up to the limit of saturation the more salt 
is dissolved the higher is the boiling-point. When the liquid is 
saturated the boiling-point is constant; the highest temperature 
obtainable with sea water under attnospherie pressure is 108'' C.; 
with a solution of chloride of calcium a temperature of 120 ’ G. may 



Fig. (16 


be attaimnl. The steam given 
oil* from such solutions is pure 
water vajiour, and at the in- 
stant of lilxu’ation, accjording to 
K(^gnault and Magnus, its tem- 
perature is that of the liquid. 
'I'he temperature, however, 
rapidly falls, so that a thermo- 
nmter plae.txl a short distance 
above the litpiid surfac.e ituli- 
cates the same teinpi'.rature as 
if the vapour had Ixicn evolved 
from pure water. In Art. 105 
it was shown that there is 
generally a lowering of the 
vapour pre^HHure when a salt is 
(lisHolvtHl in a li(piid. Since a 
Ihjuid boils at the temperature 
at which its vapour pressure 
is (Xjual to that of tlui atraos- 
phen^, and the addition of salt 
redmxiH its vapour pre^ssure 
lielow that value, the li(|uid 
must be furthm* lumUxl Ixdore 
boiliiig tid<(‘H place. 

The instrumentH ftir mea- 
suring kunperature Ixnng more 
redined than thoat^ for nuiasur- 


ing pnmsure, it is usual in this 
connection to measure the elevation of the boiling point rather than 
the lowering of the vapour presstme. lieckmami’s form of apparatus 
is shown in %. 65. 

The liquid is contained in a test tuba A, which has a platinum 
wire inserted through the bottom atid is filled to tlm height of a 
few centimetres with glass beads. Through tlm cork at tlu^ top is 
inserted a delicate thermometer. A side tulm near the top allows 
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the salt to bo added readily, and is connected with a condenser which 
returns the evaporated vapour into A. This tube A is surrounded 
by a jacketing tul)o n which contains a quantity of a suitable 
liquid, either the saine as that in A, or one that boils at a slightly 
higher temperature. The jacketing tube is also at the top connected 
with a (iondcmser. Tlie stand is made in such a form that the heat 
supplied by the Bunsen Inirners underneath is applied to the jacket 
n and not to the boiling-tube A. To this end A is wrapped round 
with asbestos papcu- (t, and rings /qA> of asbestos protect the bottom 
of it. The heating llames are placed outside these rings, and the 
hot gases are c.onveyed away by tubes s. Thus the tube A is 
preserved from lluctuations of temperature. The (piautitative 
results are usually expressed in terms of the gramttie-molecule 
(Art. 81). 

The elevation of tlu^ boiling-point or the lowering of the vapour 
pressure produced ])y dissolving I gramme-molecule in 100 grm. of 
water is c,allc^.d t.he molecular elevation of the boiling-point or the 
molecular lowering of the vapour pressure. 

Kxperiimuits show that - 

(a) The elevation of the boiling-point is proportional to the mass 
of salt dissolved. 

[!)) The molecular elevation of the boilitig-point is the same in 
amount for suhHtamu'.H that are chemically similar. 

Weak solutions in water of various sulmtances of similar chemical 
compositioii are made, and the elevations of the boiling-point of these 
solutions exp<n’imen(4dly obtained. Then the elevation that would 
be productul by I gramme-molecule in 100 grm. of water is calcu- 
kted. The rt^sults are all found to approximate towards the value 
5*2, provided that the solutions are nomeleetrolytic and non-volatile. 
As indicated in Art. 105, the elevation of the Ixuling-point is pro- 
portional to 

The ntunher of molecules of the dissolved stibstance 
The total number of molecules in the Kolution 

1 X 3 . I.A'FKNT HEAT OF VAPORIZATION. When pure 
water boils away into steam a large amount of heat is added to the 
system, but the steam is m> hotter than the hot water. Every liquid 
which does not cliangt^ its eomi> 08 iti<m during the process absorbs 
heat in iswsing into tlie gaseous sti^e. This heat has ceasetl to 
exist; it has been transformed into molecular energy, which can, 
however, by suitable means be reconverted into heat. Conversely, 
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when a vapour is converted into a liquid, there is a conversion of 
molecular energy into heat and a rise of temperature (Art. i329). 

The method of litiding the latent heat of vaporization is to 
evaporate the liquid in a vessel, and tlnm to allow the vapour to 
pass through a tube to a reservoir or spiral immersed in cold water, 
where it condenses into a liquid, and in so doing gives out its latent 
heat to the water with which it is surroun<led, and wliosc rise in 
temperature allows the qiuudity to 1)0 dettn'inined. This is sub- 
stantially the method of mixtiu'cs. In l)o.spr*(\tz’s apparatus, resem- 
bling fig. 40, and in that by 
which Andrews determined 
the latent heat of many 
vapours, the vessel in which 
the li(juid was heated was a 
retort j)lac,(5d by the side of 
the (!alorinHq.er, with the neck 
sloj)ing slightly upward. It 
ro({uires a skilled experi- 
menter to ol)tain anything 
approa(‘hing aciuirato residts 
with this apparatus, owing to 
(1) the lial)ility of liquid to 
pass into tlu'. calorimeter, (2) 
th(^ superheating of the 
vapour, (3) conduction from 
the Hour(*e of heat to the 
calorimetcu’. We therefore 
describe Bertheh)t’B modifica- 
tion of this apparatus, by which ho has ol)taincHl n^sidts as accnirato 
as Kegnault’s, and which can l>o fitted iq) without much diHic,ulty. 

The liqtiid is Imiled in a flask A (fig. 66), whi(*h is cIokimI at the 
top, and through tlie ])ottom of whit?h passes a larg(^ vertical tul )0 it 
To this tube is fastened a spiral s, immersed in a (‘alorinu'.tcu* u con- 
taining water. The licpiid in a is heated by a ring gas burner I), 
over which is placed wire gauze K, and as the tube bh is optm to the 
atmosphere at F the liquid boils freely at atmospheric ptimsure. 
The calorimeter is carefully guarded from radiation from the burner 
by a series of screens, a, of wood covered with metal. A mass 
of the liquid is placed in A, and as the heating is continued vapour 
passes down the tube B and condenses in h \ the rise of tempera- 
ture in 0 being given by the thermometer T. A small error arises 
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from conduction of boat along the glass of the tube B, which is 
corrected by observations of the thermometer T before and after the 
distillation process. The correction for radiation is made small and 
perfectly definite by surrounding the calorimeter with the water 
jacket }L 

Then if — water-ocpiivalent of calorimeter and contents, 

»= tnass of vapour condensed, 

T, and T,j. initial and final temperatures of the calorimeter, 
temperature at which the vapour condenses, 

S =; specific heat of the liquid, 
and L latent heat of the liquid, 

we have — - 

(i) Heat given out 

{(t) By the vapour in comkmsing an amount = w^L units, 

(6) By the cotidensed li<piid in cooling from Tj, to an amount 

== OT,,(T(, - T,^)S. 

(ii) Heat absorbed by the (‘.old water and calorimeter = mi 

(’’a - ■^i)- 

/. — Tj) - rrt._jL + 

ffkj. 

If the licpiid l)e water the value of 8 is unity. 

Thus sup[K)ae 1 oz. of steam at 100" G. to 1)0 passed into cold 
water at 15" 0. within a (mlorirnetor, the water-equivalent of the 
(mlorimeter and contents being 9 os5., ajid its initial and final tem- 
peratures respectively 15" C. and 77" 0. Then if the unit of heat 
be that required to raise 1 os?, of water through I" 0. wo have— 

(i) float emitted (a) by steam in condensing = L \mits. 

„ „ (h) by tfie water thus formed in eoolitJg from 

100" C. to 77 ’ a. = n units. ToUl L + 23 units, 

(ii) Hen,t al)aorbed l>y 9 oj?. of water in beiiig htmted from 15® G. 

to 77" C. * 9(77 15) units. 

L + 23 ^ 9 X 02 
1. ^ 535. 

This is approximately the value of the lateiit heat of steam at 
100® C.f and the method tdmve desorifmd is suitebla for the deter- 

mimtion of the latent heat of vapours when boiling under atmo- 
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spheric pressure. But the temperature of boiling depends upon the 
pressure, and the value of the latent heat also varies with variation 
of the temperature of vaporization, i.o. with the pressure. 

Kegnault on Latent Heat of Steam. —The most important 
investigations on the latent heat of steam were made by Itegnault. 

The essential parts of 
his apparatus are shown 
in fig. G7. 

Tlui vapour was pro- 
duced iti a large vessel 
(not shown in the 
figure), inside which was 
a spiral throtigh which 
the vapoiir passed, dry- 
ing itself in the passage. 

It then passed to 
th, m/ulaUrr, a cylinder 
u, from which tubes 
coiuhicted it as retpiirod 
cither to one of the calo- 
rimeters or through 
B to a condensing appa- 
ratus. In which one of 
these three direcitions 
the steam should pass 
WiiB determined by the 
position of the handle 
K, which turned a |)i8ton 
that opened or closed 
the apertures in k. 

Cabrimders. ~ 

1 ^. 07 Two copper calorimeters 

c, (]' were euiployed, as 
exactly alike as they could bo made, of the form shown in the 
figure. The water condensed during any ex{)eriment remained in 
the lower sphere, and was drawn off at h and weighed. The calori- 
meters were filled with cold water by means of the pipes A, h\ which 
led from a small reservoir, whose capacity was accurately known. 

I'he Pressure An'angmnmts, — As it was deiirad to measure the 
latent heat at various temperatures, it was necessary that the vapour 
should he subjected to various pressures (Art. 109). This was 
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effected in the following manner. A large reservoir of air, com- 
pressed or rarefied accoixling to the pressure desired, communicated 
by a tul)C / with an emdosure M, from which there passed tubes c, d 
bo the lower si)hor(^s of the calorimeter, d to the condenser, n to a 
manometer, and another tube not shown in the figure to the boiler 
where the vapour was generated. Thus the vapour was everywhere 
at the same pressure as that in the air reservoir, and this was 
rneasui'od by the manometer, whence the temperature of the vapour 
was known (Art. 102). 

Course of the ErperiimnL —The tap K was first placed so that 
tlie steam on entering R passed through ^ to the condenser. This 
operation was continued for three-ciuarters of an hour, in order that 
the temperature of all parts of the apparatus might reach a sta- 
tionary condition. 

The calorimeters were then filled with watei’ through A, h\ the 
steam tiu’ned into the globe o, and the rise of temperatiu’c of the 
thermometer T was observed. The operation was then repeated 
with the calorimeter o'. The object of having two similar calori- 
meters atid using tlunn alternately was that the corrections to bo 
applied to the one in use might Im obtained from the indications of 
the thermometer in tlu‘. <me that was not in nse. 

114. TCKFAL IIKA'l' OF STEAM. It is shown above that the 
heat measured within tlui (calorimeter is the result of two processes 
-^-tho comhmHHtion of the steam and the (tooling of the water thus 
formed. Tlie total heat giv(m out by unit mass of steam at t® in 
condensing and cooling to 0“, or what is the satno thing, the heat 
ro(|uired to rais(^ unit mass of wattu* frotn 0" to t", and tlum to 
evaporate it at that t(nrip{n*ature, Ih^gnanlt (sailed the total heat of 
steam at r\ He (hdic^rmimvl this (jnantity for a wide range of tem- 
peratures, and found from his results that the value of this (piantity 
H for 1 grm. of steam at any temperature r might be expressed by 
the formula • 

14 006 '5 + ‘305 T. 

Hence siuct^ the mere hefiting of the gramme of water from 
0*^ to T*' G. ti».keH r units of heat, we have for the latent heat 
606*5 + '305 T - T, (U* 

I,,. « 606*5 * 61)5 T. 

This expression shows that the latent heat decreases as the tem- 
perature increases. 
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Watt knew that the latent heat of water was less at lOO"* than 
at lower temperatures. He had concluded that the difrerenco was 
equal to the difference between the sensible heats. This, however, 
is not the case. Eegnault’s formula gives— 

At 0 "C., L = 606*5 - 0 = ()0G*5 

At 100 “C., L = 606*5 - 69*5 537 

At 872*6" C., L = 606*5 - (*695 x 872*6) := 0 

The heat required to convert a grannno of water at 100“ 0. into 
steam at 100 “ C. is loss by 69*5 calories than that recjuired to convert 
a gramme of water at 0 “ C. into vapour at 0 “ CX 

In explanation of this result, it may be pointed out that as 
the temperature of liquids is raised their Tnolecular condition may 
approximate gradually to that of the gasoous state, and on this 
hypothesis a smaller expenditure of energy is neccissary to complete 
the change of state at the higher temperature. 

According to the calculation above, at the temperature 872", 
there would be no difference between the liquid and gaseous states 
(Art. 121 ). Eecent work indicates that the rcstdts of this article 
need revision. Thtis experiments made to determine the critical 
temperature have given the value 365“ 0 . instead of 872“ C. 
Regnault’s formula is not applical)le to temperatunm very different 
to those at which his experiments were made. 

The rate of variation of the total heat, and therefore of the 
latent heat, with temperature, has been investigatcid })y several 
physicists. Henning heated water by an elec.tric current, calculated 
the heat supplied from the electrical data (Art. 133), and tiujasured 
the quantity of steam produced. Between temperaturt^s 30“ G. and 
100® 0. his results wore Lr = 598*8 — *599 t. Smith passcnl dry 
air through water, thus causing evaporation, and kept the tempera- 
ture of the water constant by passing an (de(‘tri (5 current round an 
immersed coil. Between 14“ 0. and 40“ C. his restdis were Lr = 
597*4 — •58r. Dieterici makes Lr = 594*8 — *f)59T, and Griffiths 
Lr = 696*7 — *601r between 0“ C. and 100“ G, 

The results of various observers are not vc^ry concordant in the 
value of the temperature coefficient, but th(5re is reason to think 
that for temperatures below 100" C. Regnault s eo(d!icient *305 in 
the expression Hr = 606*5 + -SOfjr is too low, and that the simple 
linear law of that expression is only approximately correct. 

115 . COMPARISON OF LATENT HEATS.-- The following 
method has been employed for the comparison of latent heats of 
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evapoiation. The liqtxid is placed in a glass bulb which is enclosed 
in and communicates with a surrounding vapour jacket. Inside the 
bulb is a spiral of fiiic platinum wire ending in thick terminals fused 
through the glass. An electric current passed through the wire 
develops heat, and the vapour passes round the jacket. When the 
li(|uid has beeti ]>oiling for some time and the whole has reached 
a steady tomporature, then all the heat developed in the wire is 
spent in converting li(|uid itito vatpour and none in raising or main- 
taining the tomporature. d'he energy supplied is capable of very 
exact determination (Art. 133). 

For comparison, two such bulbs containing different licpiids arc 
arranged in series, and the ratio of their losses in weight is inversely 
as their latent lieats of (ivaporation. 

Employing this Tuethod, lUriisay ai\d Marshall obtained the 
following results: - 



Latcut 

noiiiuK* 

Mol(><^utar 

Value of 

Heat, { 4 . 

point, T V. 

Wt^KlUr, w. 

W X I4 “h ft 

Biiuzcnti 


KO'2 

77*4 

20*0 

Tohumc 

HC'H 

110 -H 

91 -a 

20 *e 

Alcohol 

2ie*5 

78*2 

45*6 

28*1 

Water 


100 

17*8 

20*0 

Methyl butyrate 

79-7 

102*7 

101*2 

21*4 


Other litpiids gave a result for column five of about 21. From 
many HU<;h observations Trouton Inis hmn led to formulate the law 
that m liqiudH tlu* vwlemlar lalvnt heat of vajmnzation (rn x L) dimkd 
hy the ahsolnte UmifenttuTe of the holling-^Hmit is a mistant. 

ddui nu^thcMl indicated above Inis been applied to liquid oxygen, 
the lic[uid being contained in a vactuim vessel that stood in liquid 
air. The valium of L obtained for oxygen was 58, 

xi6. COLD FHODUOKD BY KVAPORATION. FREEZING 
MACH IN EH, Wlu'u vaporimtion takes pla(*e withont the presence 
of a flame or similar source of heat, the heat reepured to efiect the 
change of suite is abstracted from the liejnid itoiflf and from sur- 
rounding objcH*t«, which thus IxH'oma colder. This is one of the 
matho<ls by which low temperatures are obtained, rapid vapoiiza- 
tion being produced by exposing a li<juid surface in a vacuum. 

Leslie devised the following exjmnment. He placed nnder the 
receiver of an air pump a small quantity of water in a shallow metal 
ciqisule over a dish containing concentrated sulphuric acid. On the 
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air being rapidly pumped out of the receiver the cold water com- 
menced to boil quickly. The vapour produced was, however, 
absorbed by the sulphuric acid as fast as it was formed, and the 
heat required to produce the vapour being taken from the objects 
within the receiver their temperature fell, and the remaining water 
was frozen. 

An elaboration of this apparatus by Carr4 forms a practical 
machine for freezing water. The water and sulphuric acid are 
placed in separate vessels communicating by a tube and connected 
with a special form of air pump. When the pump is worked the 
sulphuric acid is briskly agitated by a stirrer driven by a rod con- 
nected with the handle of the pump. The water vapour is absorbed 
as fast as it is formed, and evaporation takes place so rapidly that 
the water freezes almost immediately. 

By evaporating liquids more volatile than water, more intense 
cold is produced. Thus, by surrounding mercury with sulphurous 
acid, and causing this volatile liquid to evaporate by passing a stream 
of air bubbles through it, sufficient cold is produced to freeze the 
mercury. 

Carre's Ammonia Apparatus. — This apparatus consists of two 
iron vessels a and c (fig. 68) connected by a tube B. The vessel A 



contains a strong aqueous solution of ammonia, and when this is 
heated the gas is driven off and condenses in the vessel C, which 
stands in a bath of cold water E, and contains within it the vessel B, 
enclosing the water to be frozen. 
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When tho ammonia has been thus driven into c, the vessel A is 
rem()V(Kl to tho cold-water })ath K (fi^. G 9 ), and a is surrounded with 
some non-conducting sul)atancc. The li(juid ammonia rapidly evapo- 
rates, passes along the tube .1) into the vessel A, whore it is absorbed 
by tho cold waten*. ''riio heat rendered latent by tho evaporation of 
the ammonia is obtained from tlu‘. water in B, which is thus frozen. 

117. SUBLIMATION. Some solids, such as iodine, arsenic, 
camphoi*, ice, and carbonic acid in the form of powder, slowly evapo- 
rate without passing t.hrotigh tho li<|uid state. The formation of 
hoar frost is a good instanc(^ of this process of sublimation. The 
water vapour docs not li<iuefy atid t.lum freeze, but is deposited in 
the solid state. Blowers of sulphur are produced by the sublimation 
of sulphur vapour. For (‘mdi solid tliere is a definite vapour piussuro 
for every temperatures. In many cases the pressure is too small to 
1)0 measured. Just as each li([uid has a boiling-|K>int each such solid 
has a sublirtiing point, i.e. a fixed temperature at which, if heat ])e 
supplied to it, tlu^ sulmtamu^ passes into vapour whoso |)rcssure is 
ocpial to that of the atmosphere. Simihu’ly it has a definite latent 
heat of sul)limation, i.(',. the <|uantity of heat almorbod ii\ the vapo- 
rization of unit mass of the solid. 

Ramsay and Young froze solid camphor round the bulb of a 
thermometer, and phuaul the thermom(I.er in a vessel eonnoctecl in 
one direction with an air pnmp and n\ another witli a eoiulenaer 
kept cold ))y inmnn-sion in a freezing mixture, 'riie pressure on the 
camphor was varicul by tneatm of the pump, and its Uunperature was 
read cm the thermomeUu*. At low pressures tlu‘ camphor suhlittied 
and its vapour passed into tlie condonHcr. At a pressure of about 
half an atmosphere the camphor li(pudiod. Under atn\osplu‘,ric 
pressure arsenic suhlirnes, hut when heated in a chysed vt^ssel tuider 
higher pressttre, melts. Wlum tiny premsmu^ of tho vapour of a solid 
is not less than that of the alinospherc^, the solid mihlimes. 

1x8. SPHEROIDAL STATK.^ ^f a cleati silver spoon he filled 
with water and hold over a lamj), the U^mperature of tlu^ spoon does 
not hecanue greater tlian the hand can bear, while any water remains 
in tho spoon. If, lanvover, the inside of tlu^ spoon be coated with 
some sulmtance which water does not wet, the 8|KKm becomes un- 
bearably hot before tho watcu’ boils. 

Wheui slightly moistened, ana’s hand may bo thrust into molten 
iron without receiving injury* There must bo, of course, lack of 
contact with the hot metal. 
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If a small quantity of water be dropped into a platinum or silver 
crucible kept at a red heat, the water does not pass into steam, but 
gathers itself into a spheroid, and remains for sonn^ time at a tem- 
perature below that of boiling. The liquid spheroid may often be 
observed to spin round on its axis as it slowly evaporates. If the 
heated metal consists of a smooth level plate, as shown in fig. 70 , it 
can readily be seen that the globule of liquid does not touch the 
plate. This fact may be also proved by immersing in the liquid one 
terminal of an electric circuit, contaitnng a l)attory and a gfilvano- 
meter, and attaching the other terminal to the plate; no current 
passes, which proves that the circuit is broken. 




This lack of contact between hot metal and adjacent liquid may 
be further exemplified by lowering a red-hot meUil ball into water 
or into “Plateau’s solution”. In this experiment the ball may be 
seen to be surrounded by an envelope of vapour, within which it 
may remain red-hot for several seconds. When it has cooled to a 
temperature somewhat above the boiling-point of the liquid contact 
takes place, and vigorous ebullition begins. 

Experiments have been made with many liejuids with remarkable 
results. Boutigny poured liquid sulphurous acid into a white-hot 
platinum crucible; the liquid assumed the spheroidal state, and he 
then dropped water upon it. The water wm quickly froisen, owing 
to the cold produced by the evaporation of the sulphurous acid. 
Using ether and carbonic acid, Faraday even fro^e mercury in this 
way. 

The probable explanation of this peculiar condition of liquids is 
that owing to the layer of vapour that exists between the liquid and 
the hot metallic surface, the liquid receives heat only by radiation 
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or by conduction through the vapour. Eccont researches point to 
the conclusion that most of the heat reaches the spheroid by con- 
duction. The conducting power of gases and vapours is very small; 
hence the comparative coolness of the liquid spheroid. 


119. EXAMPLES. 

1, 10 II). of wator at 110'* G. ifi Huddonly oxpoHod to normal atmospheric pres- 
sure. How mu(;h is immediately <umv<*rted into steam? 

When the (exposure takes place the pressure is reduced, steam is formed, and 
the heat necessary to prodiux) the change of state is abstracted from the mass of 
water, whose temi)erature rapidly falls. 

Suppose the mass of steam formed to be a? lb., then neglecting work done on 
the atmoHphero, 

Heat absorhod = 5S7ir pound-degrees, 

Heat given out = 10 X (110 — 100); 

^ III -isinb. 


2. How many pounds of iron at 200" G. woidd reepnred to convert 10 lb. of 
ice at 0‘' 0. into steam at 100" G.? Bpeeifte lunit of iron == *112. 

Let X lb. be th() mass retpiirtul. 7'he lu^at absorbed effects three operations: — 

(1) Melting the ice rtKpiires 10 X 80 pound -degrees. 

(2) Heating the water formed from 0" to 100" 

retjuires 10 X 100 „ 

(H) Evaporating the water re(ium»H 10 x 0H7 „ 

The total (piantity is ... 7170 „ 

The lusat given out by the iron in cooling from 200" to 100" is 100 X *112 X « 
pound •ch)groeH. 

11*20*. r. 7170. 

X ■ ■ 040*2 lb. nearly. 


8. How much steam at 100" G. ami 760 mm. prtwure must 1>6 imssod into 
600 grrn. of water at 0" G. hx order tt» raim? the temperature of thtj water to 
100® G., supposing that 20 j^er cent of the heat is lost hy radiation and otherwise! 
Let the ipjantity be x grrn. 

Then the heat eomnmnieatetl to the water is | X 587 X x calorieH. 

The heat almorbed hy the water in rising from 0" 0. to 100" G. is 600 x 100 
calories. 


X X i H 587 ^ 60,000; 

800,000 

" * 2MH 


189*7 gnn, nearly. 


4. If the s|s»eifl« himt of a liipiitl Ihi *65, and the latent heat of evat>omtion 
constant and e<|Uid to 200 (mUiries, find the toUd heat of the satumUjd va|>our 
the Mciuid reckomid from 0" G. at 0", 50", and IDO" G. 

From Art, 114 Hr ■ Lr 4- B x r; 

Ht, - 200 4- 0 K 200, 

Hfeo s 200 4- 50(‘65) 282*5, 

Hm ^ "^00 4- 100(‘65) « 265. 


(Cfrai 


if 
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QUESTIONS AND EXERCISES 

1. What is meant by latent heat of vaporization'i If the latent heat of vaporiza- 

tion of water be 96() when I*" Fahrenheit is the unit of temperature, what 
will it be when 1® Centigrade is the unit? Would the result be different if 
the unit of mass had been changed ? 

2. Describe an experiment showing that water can bo frozen by its own evapora- 

tion. What weight of vapour must evaporate in ord<n* to frca'zo a gramme 
of water already at freezing-point? 

3. How would you determine the latent heat of other vapour? 

4. A jet of steam at 210” F. is passed into atx opcni beakc^r containing a strong 

solution of a salt (say nitrate of soda) in watt?r. Tin* solution presently boils; 
its temperature is then tested by a thermometer, and found to bt) several 
degrees above the temperature of the steam which heated it. Account for 
this fact. 

5. The latent heat of steam is stated to bo 536. What does this nuMUi ? 1 lescribo 

in detail the experiments you would make in order to vitrify tlui stateuxemt. 

6. Water is heated under pnissuro to 20rC 0. ; on opening tlui valve of the appa- 

ratus steam escapes and the temperature falls to 100“ 0., wheti it is found 
that ono-fifth of the watxxr hius escaped. From tlu‘H(5 data c.al<ndate the 
latent heat of steam. 

7. 1 oz, of steam at 100” 0. is passed into 9 oz. of water at 15“ (X, and tlux result 

is 10 oz. of water at 77” 0. What is the latcuxt heat of steam? 

8. How much ice can bo melted by 3*4 lb. of sttuitn ? 

[Latent heat of fusion of ice 79*5 units (Jentigrade; latemt h(«it of 
evaporation of water sr 537.] 

9. How is the boiling-point of water affectcKl by cuxt<U‘nal prt^Ksure? Explain 

what happens when water is placed in tin* receiver of an air ptnnp wheni the 
pressure is not more than that of 3 mm. of mercury. 

10. Find the temperature at which watt^r boils on the top of Hnowdon (3570 ft.), 
assuming 100“ 0. as the boiling-point at sea lovol. 

[Log 76 = 1-8808; log 66*3 == 1*8217.] 


CIIAPTBR XI 

LIQUKEACrrrON OF GAS EH 

120 . BOYLE’S LAW AT IlKHl ITiESHURES.»«^4n (’-hap. V 
it WEB shown that Boyle’s law was not rigidly obeyed l>y any actual 
g{i8, but that for pressures up to about. 3U atmospheres tlie law might 
be regarded as a very approximate expression of the htdiaviour of 
the more permanent gases. 

Cailletet and Amagat have extended these researches to pressures 
of 300 atmospheres, Cailletet employed a Boyle’s tube of steal 
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having ono arm nhont 800 ft. high, which was lowered clown a deep 
artesian well, arid into which mercury was poured. The short arm 
was coated inside with a thin layer of gokl (which is dissolved by 
mercury), and tln^ volume to which in any particular experiment the 
gas in thc^ short arm was hmIucmmI was itulicattul by the length of 
that portion of tlu^ tnhe on which the gilditig remained. The gas 
employed was nitrog(m, and among the readings taken W'-ere the 


following:— 

V V vv 

In of Monniry. 

mess 207-0 ......... 8180 

f)0-m i:i2-8« 7900 

70-2:i KKi-O 8100 

00 >2 ... . H(H) ...... .. 8586 

IH2 ... ... 51*8 0280 


It will h(\ noticed that the dimintJtion in the value of PV as the 
pressure increascH (Art. 44) does not continue hc^yond a certain point. 
When tlui pressure readies that of 59 m. of mercury, the value of 
PV commcmces to incrinise. 

Other gasi'H wen^ compared with nitrogen hy means of PouillePs 
apparatus ((ig. *J8), 

Amagat made an extimcltHl series of experiments on nitrogeti 
with apparatus similar to that shown in tig. 2H, and then compared 
other gasiw witli nitrogen hy tnndtming tl^un successively in a 
manometer places! in a hath beside another nianometor containing 
nitrogiui. 

Tht^ results of (’ailletet anti Amagat may be aummetl up as 
follows ; 

(i) No ii«Tm’nf«4y olw’yn law, 

(ii) from th«» law m for oarb 

(iii) F*>r all nimoM t’xropt hytlroapol the r«imnr<*i«ihiHty » grimtcr time that 

indimtwl hy tho law, until tho primmm* ha« up to a corteiti |Kant; 

bt^yend that point tho nnuprrfwihility (Itniitit^hoM. 

At this partirtilar iiros^uro tho priwliirt PV has a minimum vahto* Aiid tha gas 
amr that prr?«ut‘o ob^yw lloyloa law, 

(iv) Tlio viiluo of tim prswuro for whioh I^V k a minimum i» tlifferimt for 

(v) til th« t»f hy»lr«»aru PV has «o minimum valun, hut frtmi the 

ftwt 

Fig. 71, tiikcm from vol. lx of the Epitt^hptrdk BrUmmim, shows 
the»ci results in ii cunvenient miinner, the exeew or cleftict of the 

value of I’\- from tlm thoorotirnl viiltm |{ivtm by lloylo'a law Iwing 
plottol ngiiiiwt tho iiriwatiro. If Itoylo'* law were accurately fob 
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lowed the curve for each gas would be simply the straight lino 
marked *0. Starting from a pressure of about 25 atmospheres the 
hydrogen curve is practically a straight line, the value of P V steadily 

increasing. For other gases 
the value of PV at first de- 
ci’cases and then increases 
at an almost uniform nito. 
Ethylene and carbon dioxide 
gave curvets of the same 
general (diaracter as that 
shown for marsh gas, but 
with a sharper inflection 
where the dii’ection of the 
curve changes. The curves in 
the figure are drawn for one 
temperature only. At higher 
temperatures the (.‘urvos for 
the more comprt*.s8il)le gases 
become flatter. For very 
high pressures the curves 
become in all cases straight linos, for whicdi the e(piation is PV « 
Yh + Q, where Q is a (pmntity dependent on the temperature, and 
b represents the least volume which the aulmtaruu^ can occupy. 

I2I. THE CRITICAL STATE.— In some early experiments by 
Cagniard-Lato\ir and Drion, peendiar eUbcts were ol)- 
tained, which have since been carefully investigated by 
Andrews and others. The snbstam^e was obtaitied in an 
intermediate condition, when it was neither li<piid nor gas. 

Cagniard-Latour employed a curvual tubc^, AB(J (fig. 
72), nearly full of mercury. He confined a li(|uid at a 
in a space very little larger than itsefif, and eticlosed a 
quantity of air at u to serve as a manomet.tu'. The i\x\m 
A was placed in a suitable hath, and as the tcunporature 
rose the vapour of the licpiid in A ex(*.rted a contirmally 
® increasing pressure, which was regisUniul by the com- 
pression of the air in (}. When the tampe.ratin’e i*eachod 
Mg. 72 a certain value the surfaces of scqjaratiori between the 
liquid and vapour in A mmBd to exist; the whole 
became homogeneous. The pressure was vtuy great, Imt at the 
somewhat high temperatures employed neither ether, alcohol, nor 
Tv-ater could r^tain^d in the liquid state. 
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By similar experiments Drion found that when the heating was 
very gradual the free surface between liquid and gas disappeared, 
and was replaced by a nebulous zone, which gradually increased 
upwards and downwards as the temperature was increased, until all 
became homogeneous. 

A most important series of researches was made on this subject 
by Andrews. The substance chosen for experiment was carbonic 
acid, which is commonly met with in the form of a gas, but which 
can be li(iuefied by moderate pressure at a 
temperature easily attainable. His appara- 
tus is shown in fig. 73. 

The gas was contained in a strong ca- 
pillary ttibe of glass a, the mouth of which 
was stopped by a pellet of mercury 6. The 
tube was graduated so that the volume occu- 
pied by the gas at any time was immediately 
known, and was placed with its open end in 
water contained in a strong copper cylinder 
a. A quantity of air was similarly confined 
in a tube a' placed in a cylinder o', and the 
two cylinders were joined by a lateral tube, 
so that they were in hydrosttitic connection, 
and the pressure was the same in each. This 
pressure was majis\ired by the volume of the 
air enclosed in a', and it was increased at 
pleasure by screwing in either of the screws 
8, s', which, exerting pressure on the water in 
0,0', forced up the pellets of mercury 6,6'. 

The temperattire was regulated and main- 
tained constant by surrounding each tube 
with a larger brivss tube through which water 
eirctdated. Plate-glass windows in this brass 
allowed the capillary tubes to be seen. 

So long iw the temperature was below 31' C., Andrews found 
that as the prtissure was increased the volume of the gas diminishecl, 
and when tin! pressure rmehed a certain value, liquid carbonic acid 
appeared in the tube. At 1 3-1*' G. the pressure when liquefaction 
commencecl was 47 atmospheres, at 2 1 *5** it was 60 atmospheres, the 
pressure rising rapidly as the tempemture was raised. When the 
temperature wai above 31” G. it was found that by no increase of 
pressure that could be applied was it possible to produce the ordinary 
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phenomena of liquefaction in which liquid and gas exist together 
with a well-marked surface of separation between them. As the 
pressure was increased the volume diminished, but the substance 
remained homogeneous throughout in an intermediate state neither 
liquid nor gas. 

Critical Constants. — Many investigations have since been made 
on gases and vapours, and it is found that they all exhibit the same 
phenomena in a greater or lessor degree. The behaviour of carbonic 
dioxide described above is typical, and indicates the general relation 
between the liquid and gaseous states. The temperatiu'o above 
which it is impossible to produce liquefaction of a gas by any 
pressure however great is called its critical temperature. For car- 
bonic acid the temperature is clO*!)'’ C.; for vapours, such as steam, 
it is very high; for the more permanent gases the critical tempera- 
ture is very low, and it is therefore necessary to chill them strongly 
as well as to compress thorn in order to produce liqiKsfaction. Air 
has been compressed at 15'’ C. by Caillotct until its (lonsity was 
nearly equal to that of water, without the definite change called 
liquefaction taking place. 

When a substance is at its critical temperature there is a certain 
value of the pressure at which the substance is in a critical state, 
an unstable condition in which small changes of pressure and tem- 
perature produce a great effect on the substance. Thus, if the tem- 
perature and pressure bo slightly below the critical values so that 
the substance is part liquid and part gas, a slight increase of tem- 
perature causes the surface between the licjuid and gas to (lisappcar. 

The volume occupied by unit mass of the substanco when in this 
state is called the critical volume, and the value of the pressure the 
critical pressure. 

The following values have been obtainexl r-- 


StibHtaiKKJ. 


(’rltieal 

Oritleal 

Ttnup<'rnfiir<*. 

rroHHurts 

Volume. 

Oarlxm dioxide 

imv' a. 

70 utinoK. 

•0066 

Benzene 

288-f/’ (J. 

48 „ 

3-29 

Etbor 

nr 0. 

86 ,, 

•013 

Water 

365" a. 

200 , 

•4 


The values of the critical temperature and pressure are usually 
observed, and the critical volume then calculated from a knowledge 
of the densities of the liquid and the vapour, and the rates of change 
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of these densities with the temperature. To determine the critical 
temperature of water Cailletet enclosed water in a steel tube and 
heated it to various temperatures. At temperatures below the 
critical temperature the vapour pressure has a definite value for 
each temperature, but above that point the pressure varies also with 
the amount of water present. Using different quantities of water 
in different experiments, Gailletot determined the temperature at 
which this change of l)ehaviour took place, and found the value 
365" G., the pressiu'o Ixn’ng 200 atmospheres. Galitizino made use 
of the fact that tlu^ refractive index of a substance in the liquid 
state is diffiu’cmt from that of the same substance in the gaseous 
state, but the values approach each other as the critical temperature 
is approa(‘.hod. lie found that for other the values became identical 
at UirG. 

I'he direct determination of the critical volume is a diflicult 
operation, because the I’ato of change of volume with temperature 
at the critical f)oint is so great that the exact point is uncertain. 
Young Incited the substanees on which he experimented somewhat 
above tlu^ critical temperature, and then by a sudden expansion 
cooled thetn so that there was a separation between liquid and 
vapour. By gradually narrowing the limits within which tliis effect 
was produced, he determined approximately the critical volume of 
several sulmtaruu'-s. 

122 . LIQUEFAGTION OF GABEB.— Gases such as sulphurous 
acid, ammonia, and cyanoge!i, may be liciuefied at ordinary pressures 
by simply lowering the temperatiire. This is done by causing the 
gas to pass from the apparatus in which it is produced into a vessel 
immerscul in a freei'.ing mixture, where it condanseB into a liquid. 

On the other hand, the application of pressure alone will causa 
many gases to liquefy at ordinary temperatures. Thus Pouillet, by 
the apparatus shown in fig. 28, liquefied at ordinary temperatures 
aulpluirous acid, nitrouB oxide, and carbonic acid giwes by pressures 
of 2*5, 4S, and 45 atmospheres respectively. 

The licpmfaction of the more permanent gases is only accom- 
plislnxl by sulqaeting tlumi to gmit pressure at hw temperatures. 

Tlio pressure rexpured may be obtained either mecharncally by 
forcing clown a piston or screw so m to diminish the sfmee within 
the vessel, or by catwing the gas to Im produced in large quantities 
in a small strong vessel, in which ease the ovoliiticm of the gas itself 
produces the necessary pressure. 

The low temperatures are produced either by freezing mixtures 
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or by surrounding the gas with a liquid which is made to evaporate 
rapidly. It is by the second of these means that the lowest tem- 
peratures have been obtained. 

The method employed by Faraday for the liquefaction of chlorine 
and ammonia gas, was to place the materials l)y the chemical action 
of which the gas was produced in one end of a strong bent glass 
tube (fig. 74) and to immerse the other end of the tube in a freezing 
mixture. As the gas was evolved in the limited space, the pressure 



Fig. 74 


gradually increased until the liquid condoimed in the cold end of the 
tube. 

Thilorier's apparatus for liquefying <*arbonic acid is an elabora- 
tion of Faraday’s bent tube; it consists of two cylinders of the form 
shown in fig. 75 connected by a strong cojiper tuba The cylinders 
are made of copper lined with load, and bound round with strong 
bands of wrought iron. In one cylinder bicarlsinate of soda and 
sulphuric acid are placed, the top is then screuved on, and the 
cylinder is rotated on a horizontal axis in order that the ehemical 
ingredients may be thoroughly mixed. The gas is produced in large 
quantities, and the pressure rises to a value of from 50 to 80 atmo- 
spheres, under which the gas liquefies. The generating cylinder is 
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then by means of the strong copper tube placed in connection with 
the condensing cylinder, which is at a lower temperature, and the 
liquid distils over. 

By relievitig the pressure and thus allowing the liquid carbonic 
acid to evaporate rapidly, a portion of it is frozen, taking the form 
of white flakes closely resembling snow, which being a bad conductor 
of heat may bo more easily preserved. In the presence of air the 



Fig. 7S 


solid slowly evaporates at a temparature of — 79''. Solid (mrbonic 
acid formed into a paste l)y mixing it with ether, which sarvea the 
double purpose of rendering the substance a better coyiductor and of 
quickening the evaporation, forms one of the beat refrigerating sub* 
atancea known. By immersing tula^ containing liquid carbonic acid, 
nitrous oxide, and cyanogen in such a pwta, and further hfiatening 
the prcKM:M« of evafKmation by a pump, Famday obtoinad those sulv 
stamais at about — 110" in the solid form, their appearance cdosely 
resamblitig ice. By tlici same method be stieeeeded in liquefying all 
known gases except six— viz., oxygen, nitrogen, hydrogen, oxide of 
carbon, dioxide of nitrogen, and marah gas, which have been till 
lately called the permanent ” gmm. All have since been liquefied. 
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Pictet’s Experiments. — The principle of this method is that of 
Faraday’s experiment. Tlie apparatus employed l)y Pictet for the 
liquefaction of oxygen was of a complicated character; the general 
arrangements, however, may he understood from the accompanying 
diagram (fig. 76). Liquid sulphur dioxide was caused to pass into 
a cylinder aa', where it evaporated rapidly under the influence of an 
exhausting pump also communicating with aa'. The result of this 
rapid evaporation was to produce a temperature of al)Out — 65'' C. 
within the cylinder aa'. Into a tube bb' contained within aa' 



gaseous carbon dioxide was forced by nuwum of a pump, and when 
the pressure within this tube reatdKKl about 5 atmosplunx^s (tlu^ tem- 
perature being — 65'' C.), the carbon dioxide licpiefied. 'Fhe liquid 
carl)on dioxide then passed thro\igh a tube into a long cylinder (%)' 
from which another tube passed to a second axhauatijig pump, which, 
causing rapid evaporation of the carbon dioxich*,, productnl extreme 
cold (about — 130" C.) audicient to solidify a portion of the c.arbonie 
acid. The oxygen produced in a very strotig vmm^\ K of wrought 
iron by heating potassium chlorate, passed into tlu^ condensation 
tube BD' contained within the cylinder (k/. Tin's ttiljc was of steel 
about 4 m. long, had an internal diameter of 1 mm., was connected 
with a manometer, and teiminated in a top F. 

On setting the pumps to work and applying heat to K, the 
pressure within DD' continued to rise for about forty minutes, when 
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it became stationary, the manometer indicating a pressure of 500 
atmospheres. The tap F was then opened, and oxygen issued from 
the tube as a white li(piid which immediately evaporated. 

Cailletet’s Experiments.— The gas— as in Andrews' experiments 
on carbonic ac.id- was contained in a small glass tube, open at the 
bottom, with the mouth plunged in mercury. 

The pressure was applied to the surface of the mercury by means 
of a powerful force pump, atid arrangements wore made so that by 
turning a tap the pressure could bo instantly relieved. The upper 
part of the gas tube was surrounded 
by a cylinder (tontaining cold water 
or a freezing mixture. Oxygon 
and carbonic oxide at a ])ressuro of 
500 atmosphen^a showed tio trace 
of liquid when the tein|)eratnre of 
the enclosure was 0" G., but on 
turning the tap and ndioving the 
pressure the gas rapidly expamhid, 
became chilhul in the process, and 
a cloud was seen in the Ud)e, which 
disappeared in a few secondB as 
the tomperat\iro again rose. 

Experiments of Wroblewski 
and Olszewski.— In these experi- 
ments the mode of (iomprassing the 
gas was the same as that employed 
by Cailh^tet, but the (^'tremely 
low temperatunm employed gave Fipr. T7 

results not before obtained. The 

gas tube An (fig. 77) was bent round at the top, and iho closed end 
a was containtid within a vessel N, within which a very low temper- 
ature was prodiUHKl and maintained in the following manner. A 
large qtiantity of li(|uid ethylene was placed in a cylinder K, and 
surrounded with a mixture of um and salt at a tcunperature of — 17\ 
The etliylmm was allowed to flow through a tube into the vessel N, 
passing through a spiral H enclosed within a vessel o, which con- 
tained a mixture of solid carbonic acid and ether. The evaporation 
of this mixturt^ produced a temperature of 100“ C. within the 
vessel (X Wlien the li(|uid ethylene, thus rcMiuced to — 100'*, 
reached N, it was continually exhaustetl by a pump. The rapid 
evaporation of the intensely cold liquid prcxluoed a temperature, 
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which, as registered . by the hydrogen thermometer li, was — 136° 
At this temperature bisulphide of carbon, alcohol, and chloride of 
phosphorus, placed in N, were quickly solidified; and under a 
pressure of 20 atmospheres oxygon was obtained as a liquid in 
considerable quantities within the tube a. 

Nitrogen and oxide of carbon were more difficult to liquefy than 
oxygen. At —136“ under 150 atmosplun-os pressure they remained 
gaseous, but were converted into li(piid when the pressure was sud- 
denly relieved, the lower temperature produced by the rapid expan- 
sion being below their critical temperatures. 

Liquid oxygen being obtained with comparative facility, a (fuam 
tity was procured and employed instead of ethylene as the n'iriger- 
ating substance in further experiments, during whi(di hydrogen, 
nitrogen, air, and carbonic oxide wore liqmdied and nitrogen solidh 
fied. Hydrogen proved the most refractory substaiuH), rcmiaining 
gaseous at a temperature of about — 200" (produced by evaporating 
liquid oxygen in vamo) and under a pressure of 100 atmospheres. 
The production of a still lower temperature by means of rapid ex- 
pansion, however, converted a ixmtion of the gas into a licpud. The 
low temperature was estimated from the indications of a thermo- 
electric couple (Chap. XVll). 

Dewar’s Experiments. — In most of <b(^ a])ove woidc the li(juids 
were obtained in small quantities. Dewar has carried on work for 

many years at the R,oyid Institution, 
and has succeculed in obtaining large 
quantities of the li(pU(lH of must of the 
“permanent” gases; and reUining 
them in the licpiid form at atmos- 
pheric pressure for lorig periods, has 
examined tlunr properties. 

The form of vewsed inv(mt(‘d by 
him for holding thc^ li<(ui(Is has double 
walls (fig. 78), the space between the 
walls being as perfect a vacuum as can ht^ got with tlu^ inside faces 
silvered. Dewar finds that the eflect of the high vac.uum and the 
silvering is to reduce the heat that p^y^ses through the flask to the 
liquid to about one-thirtieth part of that which flows inward through 
the walls of an ordinary flask. He has also perhicted the methoclB 
by making use of the absorptive |>ower of charcoal, lb', found that 
this substance at the low temperatures employtul shows an extra- 
ordinary power for absorbing gases, amounting to from thirty to 




Fig. 78 


Fig. 70 
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seventy times us much at 
— 185" 0. us at 0" Cl 
Among otlicr facilities that 
this alToitls is that the 
vacuum vessels can be 
made of metal, usually 
nickel or copper. A (piau- 
city of powdered charcoal 
is enclosed in a globular 
space A at the b()t»tom of 
the ilask (fig. 79), and by 
this means all gaaos pass- 
ing tlirough the metal walls 
are absorbed, and an al« 
moBt perfect vacuiun is 
maintained between the 
walls. 

Method — 
In the later methods of 
liquefying refractory gin? 
the self -intensive method 
is employed, by which the 
gas is cooled largely through 
its own expansiuth The 
exporimente described in 
Art. 242 show that wlum 
air is forced unch^r f)res8ure 
through a small orifice it 
is cooled by •2(1 Cl par 
atmosphere of presHure. 
The same elleca follows 
with other gases toa greater 
or loss extent, hydrogen, 
which at ordinary temimr- 
atures shows a small lumt- 



ing effect, being at low I<1«. so 

temperattires also eoeded 

by its own free ex|>aii8ion. The acccunpanying figure (80) shows 
the apparatus. 

The gas— air, oxygen, &e.----entera the small pifie A at a high 
pressure— from 100 to 200 atmospheres— imsaes through a long coil 
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bb, emerges through a valve c, passes up through the interstices 
between the coils, and emerges into the atmosphere through the 
large pipe D. The valve 0 is controllable by the hand wheel E act- 
ing through a steel spindle. As the gas leaves 0 it expands under 
atmospheric pressure, and in so doing falls in temperature, and this 

cooler gas passing up on its 



Fig. 81 


way outside the coils to the 
aperture chills the coils. 
The gas on its way inside the 
coils towards the valve c 
arrives there colder in conse- 
quence, expands at o, and 
becomes coldc'.r still. And so 
the process goes on until the 
region round about o liocomes 
so cold that drops of liquid 
form and fall into the vacuum 
veHH(d KK. 

This vessel (e) is made 
with double walls, the space 
between the walls being highly 
exhausted, and the interior 
walls themselves silvered, with 
the result that the heat pass- 
ing from the exterior to the 
interior of F is greatly I’cducod. 
Tlio collecting vessel is further 
protected from radiation by 
concentric glass cylinders with 
air between. Idie liqtxid that 
collects in f may 1)0 drawn 
off thixnigh the tube (J, or 
the whole of the lower part 
of the apparatus may be de- 
toched. 


The liquefaction of hydrog(Ui is now (‘ffectad on a commercial 
scale by similar means. Fig, HI is a diagram of the apparatus. 
The gas is compressetl in a suitable giuiholder to about 150 or 
200 atmospheres. It is then passed through a coiled tube A aroiuid 
which passes cold gas, and then through the coils in chamber B, 
which is filled with liquid air. Here the temperature is reduced to 
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about — 190*^ 0. Some of the liquid air in b drops into the next 
chamber o, and on evaporating is exhausted by a p\mip throtigh the 
pipe D. The hydrogen passing through a coil in c is thus fiirther 
reduced in temperature to below — 200 " 0. It then passes into the 
regenerator coil ic contained in a fourth chamber, ancl iKSsues fi'oin a 
valve II which can ))0 controlled by a spindle M. In passing through 
the valve to leas thai\ I atmosphere preasure the gas is cooled still 
furtluu’ by its own free expansion. As this cold gas is pumped up 
through (U)ilH in the chambers K and o and through A it cools the 
whole apparatus still further, until after a few minutes, the tempera- 
ture in F having fallen to about — 250" C., li{{uid hydrogen drops 
through the tube o into the vmmum flask K. Wlicn this flask is full, 
the chambtu* N can be det.a(‘he<l and the flask removed. 

123 . HOLIDIFICATION OF OASFS. -- 

y/ir.— -riachig a litre of liquid air in a vacuum vessel, and sub 
jecting it to ra.pid exhaustion, Dewar obtained a})OUt half a litre 
of solid air, wlii(‘h ri^tnined the solid state for a considorablo period. 
At fit'Bt it was a stifl transparent jelly, from which the still liquid 
oxygen was dr’awn out by placing the substance between the poles 
of a })owerful magru^t. 

Nitrogen^- T\\i) sol id i filiation of nitrogen lias also boon effected 
by Dewar by passing through the li(pud a stream of cold hydrogen 
gas, thus inducing rapid evaporation, d'he lit|uid nitrogen was con-- 
tainod in a vacuum vc'sst^l standing in another vacuum vossel con- 
taining liipiid air. ''I'he hydrogen passtsl through coils inside those 
licpiids, and was thus on its emergence into the liquid nitrogen at 
the same tempei'at.ure as that licpud. Umh'.r tlu*.s(^ circumstencos 
the nitrogen solidifit'd in the form of long spiral tubes through 
which the hydrogeun pj^scuk 
The (hmsity of H<ilid nitrogen 
was determined as 1*03. 

UjfdrogtiL Having o!>- 
tained a ([uautity of li(|uid 
hydrogem in a vacuum vessel, 

Pewar <’ounect(ul the vessel 
to a pump, and hy rapid 
haustion tlu^ litjuitl waseausiHl 
to twaporate so (juickly that 
it solidified, presenting the 
appearance of a froth of snow and bubblei. On immersing a tube 
containing li(|uid liydrogen in this foam, the liquid wm converteci 
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into a clear transparent solid. The temperature was estimated 
as IS"’ absolute. 

Dewar has also obtained the refractory gases in the solid state 
by making use of the absorptive power of charcoal Two bulbs 
(fig. 82 ), one, a, containing (say) liquid hydrogen and the other, c, 
powdered charcoal, were connected by a cross tube in which there 
was a tap. Each bulb was immersed in a vacuum vessel b, b contain- 
ing liquid air evaporating slowly under atmospheric pressure. When 
the tap was opened the liquid hydrogen in a evaporated so rapidly 
that the liquid froze. 


CHAPTER Xll 

HYGROMKTHY 

124. Since water exposed to the atmosphere is continually 
evaporating, and since the larger part of the earth^s surface is 
covered with water, the air always contfiins water vapour in greater 
or less quantity, more in hot regions than in cold, loss in inland 
districts than near the ocean; aiid this fact forms an importatit 
element of climate. The (quantitative investigation of the state of 
the air as regards the moisture it contains is Hygxometry. The 
term meteorology is used in a wider Bense; it is the science which 
deals with all circumstances affecting the weather. 

125. EVAPORATION OF WATER INTO THE ATMO- 
SPHERE.-— The rate at which water ovaj)C)rateB when freely ex- 
posed to the atmosphere depends on the following circumstances:— 

(i) The area of the exj)()secl surface. Sir|co evaporatiorx is wholly 
a surface phenomenon, and takes place alike at every f)art of the 
surface, the mass of liquid evaporating per second is proportional to 
the area of the surface. 

(ii) The dryness of the air. When thes air is saturated no 
evaporation takes place, or, to speak more accurately, tlie rate of 
evaporation is equal to that of the condensation, which goes on 
simultaneously. When the air is perfectly dry, evaporation pro- 
ceeds at its fastest rate. 

(iii) The pressure of the air. We have seen that evaporation 
proceeds very fast in vamw and much slower in the atmosphere. 
Dalton found that the rate was inversely proportional to the pres- 
sure on the liquid surface. 
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(iv) The presence or absence of wind. When wind is blowing 
over a small exposed surface of water the rate of evaporation is 
increased, because the air above the surface is then continually being 
replaced by air which is further removed from saturation. 

(v) For every liquid the rate also depends upon the nature of 
the liquid, each having a special volatility. 

126. C()Nl)KN.SATION OF VAPOUR IN THE ATMO- 
SPHERF.— Thci (‘.outinuous evaporation of water is counterbalanced 
by its continuous condensation. ’^Phis process may take place either 
on some cold surface, iti which case dew or hoar-frost is deposited, 
or it may take place in the air itself, giving rise to fog, cloud, rain, 
hail, or snow. 

Clouds, A cloud is a collection of very small particles of 
miter. 

If a mass of air containing water vapour (which is invisible) be 
sufficiently chilled, the air l>ecome8 saturated, and if the temperature 
fall further, minute drops of water are protlucod, which in the aggre- 
gate form a (doud. I'his fall of temperature often occurs in the 
receiver of an air pump, and a cloud is formed (hiring the process 
of exhaustion. So if a mass of warm vapour ladcm air rise in the 
atmosphere it often beenmes chilled below the point of saturation, 
with the same result. 

Clouds, esjieeially on mountain to[)s, are often stationary, but the 
particles that c.ompose them are not so. The cloud may be com- 
pared to a busy city striHit, which from a distance looks about th(^ 
same for sevm’al suecessivi^ hours although the individuals which 
make up tlu*, aggregates change from mimite to minute. When the 
water drops are formed they (commence to fall or to l)e blown away 
by the wind, but the space vacated is filled up by fresh vapour- 
laden air, whose vapour is in turn condensed. 

I'he fall of these very small water droj)s in still air is excetalingly 
slow, owing to the viscosity of the air. This may be ilhmtrakKl 
by observing tlu^ slow rate of falling of fine sand in water. The 
extreme slowness of the rate of falling of the drops, (annbined with 
the fact that they readily piss into vapour on reaching a warmer 
region, may help to explain liow it is that clouds can remain sus- 
pended in the air. 

Fog and Mist are clouds touching the ground. Mist is often 
formecl over the beds of rivers in the evening, owing to the warm 
saturated air near the water becoming chilled by contact with the 
cooling earth and thus rendered unable to retain its vapour, 

<ctT8) 12 
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In a town fog, multitudes of small solid particles of dust, soot, 
&c., serve as nuclei around which the water vapour condenses. 

Bain. — Rain is produced by the coalescence of the small water 
drops into larger drops, which fall more rapidly. 

Hail.-— The mode of formation of hail is not fully understood. 
The hailstones may be produced by the freezing of di’ops of water 
as they pass through a cold stratum of air. 

Snow. — When the tcxnperature of a mass of air is chilled below 
0 ° C. the water vapour condenses into the solid form, and the aggre- 
gation of the small ice crystals produces snowflakes. 

If these small crystals are formed near tlie ground they may be 
deposited as fast as they are formed. Such a deposition is called 
hoar frost 

Dew. — Dew is the layer of water that condenses from the 
vapour present in warm air when brought into cont.act with cold 
surfaces. The circumstances under which dew is deposited are given 
in Art. 174. 

127 . TERMS USED IN HYGR()MKTR.Y. ~(u) The dew- 
point is the temperature at which dew is dt^josited. Since a deposi- 
tion of moisture only takes place when the air is saturated with 
water vapour, the dew-point may bo defined as the tcxnperature at 
which the aqueous vapour actually present in tlu^ air is suflicient 
to saturate it. This temperature thcrefor(‘. vari(\s from day to day 
according to the temperature and dryness of tlu^ air. 

(b) A knowledge of the actual mass of watiu* vapour pi’csent in 
unit volume of air is of less interest than that of the ratio between 
vapour and air. 

The term hygrometric quality is used to express the ratio— 

Mass of vapour present in tuiit volume of air 
Mass of unit volume of air. 

(c) The terms humidity, or relative humidity, or hygrometric 
state are all used in the same sense, Tlia expresHion relative 
humidity is the most suggestive of its meaning. We have seen that 
there is a certain maximum mass of vapour that eati he contained in 
unit mass of air at a given temperature, and wlum this amount is 
present the air is saturated. The air gives us the feeling of damp- 
ness or dryness according as it approaclies or recedes from the con- 
dition of saturation. The amount of vapour actually present on two 
days might be exactly the same; but if on© war© a hot and the 
other a cold day, we should say that the air on the hot day was dry 
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and on the cold day moist. The term relative humidity indicates 
the ratio— 

Mass of vapour actually prowuit in a unit volume of air at r® 0. 

Mans of vapour which wt)uld aaturatc that voluiuo at r ' D. * 

T° C. being the actual temperaturo of the air. 

128. DETERMINATION OF RELAldVE HUMIDITY,— It 
is not usually necessary to actually find the mass of water vapour 
present in a given volume of air. It is simpler to deal with the 
pi'cssure of the vapour, proceeding on the assumptiori that water 
vapour ol)eys Boyle^s law as air does, so that if we have present in 
a certain limited space a mass of vapour s\iHicient to exert a certain 
pressure, and if wo proceed to double the mass of vapour present 
in the same space, tlien wo double the pressure, and so on. The 
ratio between the pressures is the same as the ratio between the 
masses of vapour that rcs|)oetivoly exert those pressures. Hence for 
the above ratio of masses of vapour may be substituted the ratio — 

Vapour presHUi’e at r" (1 
Maximum pressure at r* (X 

This ratio is commonly expn^ssed as a percentage. 

Now the saturation or maximum pressure depends only on the 
tempei’ature, and has Ix^on accurately determined for tnany tem- 
peratures by R-egnault (see p. 417). The i)r()l)lem of finding the 
relative humulity thus generally reduces itself to finding the actual 
pressure of the vapour presemt. 

Hygrometers 

Various instruments have been devised for estimating the relative 
humidity of tlu^ air. Tliey are called hygrometers. 

129. GlIEMIGAL HYGROMETER.— In this metluKl the mass 
of vapour present in a given volume of atmospheric air is determined 
by extracting the vapour and weighing it. This is efie-cted by the 
apparatus shown in fig. 83. A continuous series of u tubes filled 
with lumps of ptimiee stone that have been soaked in strong sul- 
phuric acid are connected with the top (d) of a large vessel a called 
an i^pimtor. At the commencement of the exiamment a is filled 
with water. The taps r' and r are then turned, the water slowly 
flows out, and at the same time air is drawn through the tubes, and 
fills the upper part of the aspirator. During its passage through 
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the tubes the air deposits most of its moisture in the tiibe marked 
6, a little in e5, and possibly sonic in 4. The volume of the air 
drawn in is very nearly e(jual to that of the water collected under 
the tap T, and the weight of the aqueous vapour is e(iual to the total 
increase of weight in the tubes 4, b, 6. 'Fhe obji^ct of the tubes 



1 , 2, 3 is simply to absorb va])our that might, vonns from the water 
in the asjiirator. 

Then if — 

Vi is the volume (in litres) of the air in tlu^ aspirator (Jx. of the 
water that flowed out), 

m the mass in grmmum of the waUu’ condcmHi^d in the tubes, 

Pq the pressure in millimctrcH of mercury of tlu^ water vapour in the 
atmosphere. 

Since 1 litre of aciueous vaiiour at 700 mm. pnmsure weighs *8017 
grm., omitting corrections, we have 

m = -8017 X V, X - •{)() 10 r.HV,/.„gmi.:...(A) 

whence ia readily determined 

This result is, however, only approximatt^ ft>r these reaKons:--' 

(i) The air finally in the aspirator being in contact with water 
is saturated, while the air that entered tins tubas was probably not 
Aa-tu rated. 
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If p is the innxiinmn prossuro of water vapour at the tempera- 
ture of tlui aspirator, I’ tlui pressure of the atmosphere, the 
volume of tlui air that (uite.rod at r, we have — 


V,(l'-7'o) - V,(I>- p). 
V„ 


V >’ - V 
‘p- 


f'o 


This valuti of V„ must rcsplaee V, iti o<piatiou (A) above. 

(ii) 'I'he temperat.iiro of tlie air in the aspii'ator may not ho 0”, 
for which value only the above constant -001058 is correct. If B bo 
the alwolute temperature of the aspirator, then the reduced volume— 


'riion finally 


m 


V _ 

- ■" '<;• 


Tho (*horuit‘Al inothocl in (‘apuhlt^ of giving aeenrato reHults, but in 
pnu;tif(^ it in lahorionn. It Inm htuni aHHumml abovo that tlia aspirator 
and tht^ atnionplun't' worn at tho Haino Umiiperaturo, which remained 
eonniant throughout^ the (experiment. 

X 30 . (’ONDKNSATION OR DRW POINT HYOHOMKTERS. 

A Him|)hu- and mon^ nnual imuhiHl of determining tlu^ vapour 
pnwHure in tlie at inonphen^ in bamnl on the observation of the dew- 
point, Wlnui that Itmiptn-nturc^ is known the vapour preHsttre can 
he at once obtaimMl fi'orn tlu' Uihlen. 

Tims HU|>poHe we have a miwH ()f air at HP C, containing water 
vapour. The vapour actually prt^aent in mdiicuent to saturate the 
air at aotm^ lower iemptu’ature. Ret then tlie temperature of the 
diunp air be lowert^d under the prennure of the atnumphere, which 
remainH couHtani thrtmghout. As the temperature is lowered the 
air gradually iipproaches the eondition cjf saturation, and when a 
certain itnii pern. ture is reac-hiHl, sup|Mme 10^ (.1, the air is saturated 
with vapour, jtnd dew begins to be d(ij.K>Hited. The pressure of the 
vajKiur when tins deposition of dew eommenees i« the maximum or 
mturation pressure^ fttr that |mrtieular temperature. On referring 
to page 417 we am iliat for let' the maximum prt»«ura is that of 
mm. of mercury, This then waji the preMure of the vapour 
when the dew wm ilc*|wwited, and since this preniur© did not change 
during the cooling, ilillii min. wiui the actual value of the pressure 
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of the vapour at the higher temperature of the air (IG'' 0.) when rhe 
process commenced. 

A second reference to the tahles shows that the maximum or 
saturation pressure of water vapour at the original temperature of 
the air, IG"" C., is 13*51 mm. 


Thus we have 


actual presstiro 
maximum pressure 


914 

1351 


G9 

100 ’ 


The relative humidity was 69 per (Hint. 

To find the dew-point several instnumuits aiv. in use. 

Daniell’s Hygrometer.— Danieirs hygi'ometer consists of a bent 
glass tube of the form shown in fig. H4, c^ach (uid ter’ininating in a 
bulb. The tu))e contains li<pii(l ether and 
ether vapour ojily, all tlu^ air having been 
expelled. In the long arm of the tube is 
placed a sensitive tluu’mometer /; the bulb a 
is blackened and n is eoveu’ed with muslin. 
In using the iuHtnunent the li(juid ether is 
first passed into the bulb A, and a ftuv drops 
of ether li(|ui<l are pounal on to the mnsliu 
arotmd n. This external (*t.her at onct^ eva- 
porates, and cooling tlu^ bulb eatiscs the 
ether vapour inside to eondense in n and 
the lupiid in A to (^vaporat(\ Tlie temper- 
ature of A thus gratlually falls, and the 
obsei’ver notes the reading of the thermonuU^er I wlien the first film 
of dew appears on the blackened bulb. Wlnui tlu^ action hiw ceased 
the temperature of A rises, and the thermometer reading is again 
noted when the film of moisture just disappi^ars. The mt‘an of the 
two readings is taken as the dew jyoint; a theuanometer f nnamtod 
on the stem of the instrument indicates the temperattun^ (d the air. 

There are several sources of tuTor in tliis instrument. 

(i) The thermometer gives the temperature oi the centre of the 
liquid, which is higher tlmn that of the surfac(% where tivaporatioti 
is taking place. 

(ii) Since glass is a bad conductor of heat, its cnittir layer where 
the dew is deposited is warmer than the inner laytsr in contact with 
the ether. 

(iii) The presence of the ether vafmur from ii as well us the 
proximity of the ohservor may modify considerably tins hygrometric 
state of the air around the bulb A. 




HYGROMETRY 


ler 


When the air is hot and dry it is ditlicult to obtain indications 
with this instnimcnt. 

Regnanlt’s Hygrometer. — Rognault modified Danieirs instru- 
ment in such a way as to avoid these sources of error. A glass 
tube 1) (fig. 85), closed at the bottom by a very thin and highly 
polished silver cap, and at the top by a cork, contains the ether. 
Through the cork pass a thermometer T and a tube t open at both 
ends, which rea-ches to th(‘. l)ottom of the licpiid. A bent tul)e xiv con- 
nects the top of the tube i) with an as|)irator, by means of which air 


T 



^’^K. S5 


drawn in through the tube t bubbles through tluj other and passes 
out along th(^ tube v. Rapid evaporation of tlu'. ether ensues, the 
temperatures is lowcu’ed, and dew is deposited on the silver cap, which 
is observcMl through a teh^seopc*,. A second tul)c i) is made exactly 
like the other, l)Ut eotd4iins no ether; it serves the purpose of hold- 
ing a th(uunomet.(U’ to irtdicate the tonperature of the air, and of 
prcscTiting a bright silver surface to cotnpai-e with the dull one. 

The agitation of the (‘.ther and its contact with the highly con- 
ductive silvtn* cap rcunove all doubt that the temperature of the 
thermometer is the same as that of the air around l), which, more- 
over, is not disttirlnnl by the near presence of the o))8erver. The 
rapidity of action is by means of the aspirator completely under 
control. 

In a modern form of Eegnault’s hygrometer the second tube is 
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dispensed with. 'J’ho tube containing the ether earricH a flat silver 
plate, while in the same plane, and lu^arly .sniToundiiig it, hut with- 
out contact, is another plate. This tniahles the CDinpai-ison of (,ho 

two Kurfnciis to ho more 

'■HI 

|;; • This siinphi dew-point 

I'p J instrument is shown in 

H(). !t is used in 

i S jll" this way. In tlu^ rescr- 

^'^***’ phifod cold 

wat(‘,r, whi{‘.h on turning 
the tap B flows along the t^ho c into a (dniitdan’ n atid out through 
a waste pipe. The charnhor D is clomal at t.ho top hy a piece of 
polished black glass, in close contact with tlu‘. ninhu’ sich^ of which 
is the hulh at a thermotnt^tt'r. The cold 

E wat<n‘ chills the glass plate» and when a film 
of dew begins t(^ app(^ar upon it the ther- 
moin(‘.ttn’ is read, d'lm wat.t*r is then par- 
tially or wholly turncHl (dh and the thenno- 
mettn* is again nmd at the inonunit when the 
dew iliHappears. d'lumo two Uunperaturo 
readings will not (liller by much if thc^ action 
is not too rapid, JBhI thm'r mt'an is tukcii as 
the dew point. 

The Wet“ and Dry bulb Hygrometer. - 
This itiHlnunent, owing to the gnmt facility 
of its use, is commotdy emph^yed to deter- 
niim» the dtuv ptmil. It camHists of two 
exactly similar therna mud ers, mcmntecl ver- 
tically a slnn't dislanrti apart (m a stand 
(fig. H7) in HU(*h a way tlmt tlnnr Indhs 
are freely exptmed tti the air. i)tm ther- 
m(mHd.er has its hulh covered with nmsliii, 
which is kept nuuHtencHl with water hy 
means of a eedton wick that dips into 
Fi^. B 7 water eonteiricd in a Himdl vei4«(d placed 

somewhat below and t4> one side of the 
thermometer. The water on this hulh is camtinuidly <»vaporiiting, 
and this tharmometar indicates a lower tetnperature tliiin tlie other, 
which simply registers the temfMsratura of ilui idr. When the air 
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is dry there is a considerable difference between the readings of 
the two thermometers, but when the air is nearly saturated with 
moisture the readings are nearly the same. Such instruments 
are accompanied by a sot of tables which interpret the indica- 
tions. 

The theory of this insttmment is as follows. It has been shown 
that water ex|)ose(l to the air is continually evaporating, and that 
the mte of evaporation is related to the defect froxn saturation of the 
vapour present. 

Now since in evaporation heat is I’cndered latent and surround- 
ing bodies are chilled, it follows that a thermometer, from the surface 
of whose Imlb evaporation is proceeding, must fall to a lower tem- 
perature than one whose bulb is dry, and the greater the rate of 
evaporation the low(n* must be the temperature recorded. The dif- 
ference between the temperatures of a dry and wot bulb thermometer 
thus affords indications of the I'atc of evaporation, and therefore of the 
relative Innnidity of the air. When the wet bulb has been cooled 
by evaporation of the water, if a mass of air at a higher temperature 
come into contact with it, the air is cooled, ami parts with its excess 
of heat to the bulb. At the same time the air l)eeomes charged with 
moiaturci which has evaporated, and thus heat is abstracted from the 
bull). It is assumed that the air takes up sufficient tnoisture to satu- 
rate it and then gives place to a fresh supply, the operation being 
continually renewtul, and that when the thermometer is registering 
a steady temperature the heat given to it by the air in cooling is equal 
to the heat taken fi’om it by the water in evaporating. If the air 
when saturated with vapour remained stationary around the hull), 
evaporation would bo checked. 

To make the idea more definite, 
imagine the two bulbs to be placed in 
a tu!)o (fig. 88), one near each end, and 
let a steady current of unsatumtod air bo 
maintfiined through the tube at such a 
rate tliat in passing tlie wet bulb it be- 
comes saturated, and when saturated at 
once imsses otu Huppose 1 gmi. of air to 
pass when the presstire as measured by 
the Imrometeu’ is and let Tj and be the readings of the ther- 
mometers, iq and the corres|)onding pressures of the aqueous 
vapour, h the latent hemt of steam, S the specific heat of air, d the 
density of aqueous vapour compared with air. 
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Then omitting all small corrections wo have very nearly — 

(i) Mass of aqueous vapour entering the tube 

„ „ leaving „ 

/, Mass of water evaporated = p(;>o — /^,) graiunu's. 

Heat absorbed — ““ Pi) oalories, 

(ii) Mass of air lowered in temperature from Tj to r.^ 1 grm, 

/. Heat given out = S(tj — r^) calorioH. 

- Pt) >'^(’■1 - 

or Pi = - T,)l>. 

Since approximately at ordinary temptn’aiuri'H a]H)Ut 12“ C. 
L = 600, while S = *237 and d *62 wo hav(% 

p, = p, - •000637(tj T,,)P, 

where is known from RognaultH tabh^s; and I\ ami r.j are 
observed. 

To take a numerical example, supjKmt^ that oti a given day the 
dry bulb reads 20“ and the wet bulb 15 ' wlum the banimeter stands 
at 750 mm. The presatin^ of saturated air at lf> is known from 
Rognault’s tables to be 12*7 mm., which is thtis tlu^ value of j;.,. 

Then the actual pressure of the vapour in the atmosphere, i.o. 
Pi = 12*7 »- (-000637 X 5 X 750) ^ 12'7 2*38 .. U)-32 mm. 

Another reference to the tables shows that this pressure is 
cient to saturate tlie air at the temperature 11 *8 , which is thareforo 
the dew-point. 

On reference to the tobies accompanying such a hygrometer 
(p. 416) the value of p^ under these ctmditiomi is givtin a« 11*7 mm., 
which would make the dewqK)int 10*9’'. 'rhese tahh'S have been 
drawn up by comparison with a Daniairs liygromeitn*, and the results 
obtained by the formula above only approximately agree with those 
of the tables. This is doubtleaa the fault of the formula, which is 
based on theoretical conditions that do not exactly represent the 
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real state of affairs, the assumptions above noted being only partially 
justified. 

131. EXAMPLES. 

1. Find tlui inaHH of water vapour present in 1 c.dm. of air on a day when the 
oaroineter reada 7(i0 nnn., tlio dry-lmU> thonnometer 16'’ C., and the wet-bulb 
10'^ C., given the following data from the tables:-— 

Wcit Bulb, 10"; Dry Bulb, 16"; Vapour Pressure, (M mrn. 

By Art. 107 the inass of 1 e.din. of water vapour at 16" C. and 6*1 nmi. 

priisHuru 

-62 X l“29a X 51 X Kni>- 
700 288 ^ 

*0061 gnu. 


2. 100 0 . ft. of air at 10" 0. yield *14 oz. of water. What is the relative 
humidity of tho airV The inaxinium prossuro of a(|ueouH vapour at 16" is *09 in. 
of mercury. Tlu^ barotuetor may be taken m at standard pressure, i.e. 29*92 in. 
The mass of 100 c. ft. of air is 8*07 lb. at 0" and 29*92 in. pressure. 

/, Its nuuHS at 16" and under (29*92 - *09) in. pressure 
H-()7 X 272 X 29*82 . 

288 X 29*92 


the mass of 100 e, ft. of water vapour at the pressure p 


and this e<(ualH *14 oz. 

/. p 

The relative humidity 


8*07 X 272 X 29-82 ^ P ^ .ns 
288 x 2H)2 ''2i)'8;!'' 

*00876 lb.; 

•00875 X 288 X 29*92 
•62 X 272 X 8*07 
•065 
•09 


*066 in. 


61 per cent. 


2, The bulb of a thennonietttr is moistened by a solution of sulphuric acucl of 
such strength that the thermometer reads tho mmo as the dry-bulb instrument, 
vii?., 15" 0. If th«» hygn»metric state of the air is ‘5 and tho vapour pressure of 
wattT at 15" (1, is 12*7 turn,, what is the va|K>ur pressurt? of the solution at 15" OJ 
Hitico the thermometers road the same, no evaporation of the siolution is pro- 
ceeding. Its vapour presmire is therefore in e{|uilibrium with that of the atmo- 
sphere, vi^.. 12*7 X *5 6*25 mm. 

4. If the va|M>ur preHsum of water at 0" 0. is 4*6 mm., find the dew-point for 
air of humidity 40 per cent at 20" (1, assuming that the vaiwur prossuro is doubled 
for cmOi 1 0" 0. rise in tomperatim?. 

The saturation pressure at 20" 0. is 4 X 4*6 * 18*4 mm.; 

the actual pressuris is of 18*4 ■ 7*26 mm. 


To find the dew poitit, iiwume that the pressure-Unntwraturt^ curve of water 
vajHJUr ii rt^prestsnted by the ec|uati(m 

y a bx ^ 
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Then from data given— 

a 4'G, 

9-2 r.- 4-t) + 10/> + 100c, 

ia-4 4‘G + 20/; + 400o, 

whence h = *2{i and c — *023. 

Hence 7*36 4*6 -f •23u- + 

which e(|uation given x 1, 

•'.rhe dew-point in 7“ 0. 


QIIKSTKVNS AND FA'KHDISKS 

{The Vaj)Our Prensures required are (jiirn In the table on p. 417.) 

1. What ia the meaning of the term “h\imidity’‘ or “ hygronu'trie atatu ” as 

applied to the atmoaphere? Give a abort <hnni*ript.iou of tlm iimtnununts 
that are commonly ernploytHl for hnding tlu^ ntate of tlu' air with icHpect to 
mointnro. 

2. Explain what in meant by the (hw-point How doen tlu^ ilew- point nhow th (3 

amount of vapour in the atmoHphta*e '/ 

3. Deacribo the method of iming a dew-point hygrometer to <h*tt‘rmim‘ the hygro- 

metric atate of tluj air in a rootn. 

4. Give the theory of the wet- and dry-bulb hygromett*r. What arc* the merite 

and demorita of this as eomparc'd with othtT forum of hygromtdcu'H? 
f). Eind the hygrometric cpiality of air whose tempt‘raturc* in 1H“, if tho dew-point 
be 14“ and the height of thc» Iwirometer 735 mm. 

6. The dew-point being 12“ 0., and th<* tc*m|H?rrttun* of the air 17“ hud the 

hygrometric state of tlu^ air. 

7. What is the relative humidity of tlu3 air cm a day when the tt*mpc*rature is 20“ 

and the dew-point IT'? 

8. A stratum of air averaging half a mile in thieknesH eontaiuH mdlieicuit meusturo 

to saturate it at 10” G. Tf tlu3 tcunpctmturc} sink to thud how much water 
will fall on a scpiare mile of earth. 

9. The relative humidity of air at 17” G. is 30 imt cent; Ond the dew«point. 

10. On a certain day the temperature of the air in 20 ’ (1., the dc*W“point 10” 0., 

and the height of the barometer 752 mm. Find the rnasH of a litre of the 
moist air. 

11. The dew-point on a certain day Iwing found to Iw? 12' (I and iht' temperature 

of the air being 16’5” 0,| find its humidity, having givtut that the maKimum 
pressure of a(|ueou8 vaiamr at 1*/' 0. in tHpiivahuifc tt» 1*046 cm. of mercury, 
while that at 16” is 1*364 cm., and that at 17” ia 1*442 cm. 
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CHAPTER XIII 

HEAT AND ELECTBICITY 

132. HEAT PBODUGEl) BY ELECTBICAL DISCHABGE 
~™Wheixevor an electrical current or dischargo passes through a 
body heat is produced, the temperature being sometimes raised 
Butliciently high for the body to become luminous. In fact the 
highest temperature we can produce is that of the electric arc. 
When the current passes between carbon points the carbon is some- 
times rendered soft and semi-fluid, and flint, platinum, and other 
substances very diflictilt to melt may by this means be fused, and 
some of them converted into vapotir. All substances otler resistance 
to the passage of electricity, and the greater this resistance the more 
heat is developed by the passage. 

Electrical Eurnace.- -Since the passage of electricity through 
bodies heats thmn, this method is now much used for heating pur- 



Klg. 


poses in experimental work. Fig. 89 shows an electrical resistance 
furnace. The essential part is a small eylixider of porcelain round 
which a thin strip of platinum is wound, and the heat is developed 
by a current through the strip. To prevent loss of heat a very thick 
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lagging of asbestos is placed round the platinum strip. Phc whole 
is enclosed in a suitable case. Access is left to the porcelain cylinder 
at each end, and the ends may be blocked up by a plug of asbestos 
if desired. The temperature inside the porcelain cylinder may easily 



Fig. 90 


be raised to 1400" O., and this 
temperature may be read liy a 
platinum rcsistanc(‘, thermometer 
inserted in one end, or a radia- 
tion pyrometer may be focused 
on an open end. (Sec Chap. 
XVII.') 

Some of the earliest experi- 
ments having for their object the 
measurement of the heat devel- 
0 |)ed by the passage of electri- 
city through a wire were made 
by lliesH by means of his el(‘ctri- 
cal therm onu^ter (fig. 90). A thin 
platinum wire n was fastened in 
the bulb I) of an air thermometer 


(Art. 193), whose graduated stem 
K was filled with a coloured licpud. Leyden jars were allowcnl to dis- 
charge themselves through the wire B, and the moveunent of the eoi- 
umn of liquid E indicated the comparative (piantities of heat produced. 
The measurements showed that the lieat produced by the dis- 


charge 


of a jar was proporiional to the jiroduct of the quantity of 
electricity q that piwst^d and the differ- 
j?l ence of the potimtial K between the 

coatings of the jar. The full ax- 
\ presaionk jjj ^ 

^ "^1 133- dOUlJW I.AW.- -^Joule first 

J determined the law tamnecting the 

quantity of heat prcHluecul in a wire 
tlmmgh vvhicli an eleetrii' rurrent is 



rent and the resistiuice td the wire. 


Fig. 91 shows the arrangement of the circuit, consisting of a coil 
of wire it, a tangent galvanometer o, a set of reiistance coils a, and 
a battery B, connected in series. The spiral it wiw placed within a 
known mass of water contained in a ctUorimeUir, iintl thus the heat 
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produced in the wire was measured by the rise of temperature of 
the water. Throe sets of experiments wore made: — 

(i) By passing the same current through the same mass of water 
on (liffertmt occasions for difrerent periods of time, it was proved 
that the heat produced is proportional to the time the current flows* 

(ii) Altering the resistance of the circuit by moans of the coils A, 
Joule changed the value of the current passing through the spiral R 
in dillerent experiments, ajul ho tlms found that the heat produced 
in u is proportional to the a(juar(^ of the strength of the current. 

(iii) By placing in aeries in the same circuit several spirals such 
as R, each immersed in water in a similar manner, the same current 
passing throngh them all, Joule found that the (plan titles of hc^at; 
produced in the dilTcrcnt calorimeters were then proportional to 
the resistances of the spirals they contaitiod. 

No other circumstances were found toallbct the result, and Joule 
therefore concluded that if 0 reproaimt the value of t.he current 
passing through a wire for a time and r the resistance of the wire, 
J the mechanical ecpiivalent of heat (Chap. XIX), and H the heat 
produced, then 

.IH = Ch-l = 

r 

This is Joulo^s law. 

Eince tlu^ (piantity of electricity Q that passes is equal to the 
strength of the current multiplied by the time^, Q = C/; and by 
Ohm’s law Or == E, therefore 

JH = Ohi == Or X 01 QK, 

a result which may be compared with tliat of Art. 132. 

The above ecpiation is expressed for a])solute units. 

For practical units, if II ss the lumt developed measured in 
calories, C current in amperes, li the resistance in ohms, and 
t tlie time (lui’ing which the current passes measured in seconds, 
tlien 

II « om X *24. 

cnimint of *25 am|:Hiro ii iMiwed for 5 mimitcw through a wiro 
wluwfe! reisihtiuico is 2 (»hro«. Find tho nunibor of mloritss diwiiMitttd by the wiw. 

H mu X *24 

•0625 X 2 X aoO X *24 
9 oftlorioi. 

Heat from Induced Currente. — When a piece of metal, -whothei- 
in the form of a mass, plate, or wire, is move<l near a magnet, electric 
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currents are produced in the metal, and these currents produce heat 
The mass of metal thus moved rises in temperature. The currents 
that are produced arc transient, lasting only as long as the motion 
lasts, and their strength also changes very rapidly. But whether 
the current is transient or continuous, the (pnintity of heat produced 
is that given by the above law. 

134. VARIATION OF KI.KCTIUO ItESLSl'ANGK WITH 
TEMPERATURE.— If when a steady current is passing round the 
circuit (fig. 91 ) the calorimeter and wire U 1 )(‘, raisi^l in temperature, 
the current indicated by th(‘. galvanometer is found to diminish. 
If the electromotive force of iho battery has tuunained constant, the 
effect must be due to an inc.rc^ase in the rt‘siHt.ance. of the wire R 
owing to its increased temperature. A change of electrical resistance 
with temperature is found in most stibsUimum. 

(i) Metals. ' The electrical n'-sistance of metallic conductors is 
greater at high than at low tern i)ei’atu res. All the itiorc^ common 
metallic elements, except the magnetic metals, have a resistivity 
at 100® C, aboxit 40 per cent greater than at 0“ il 

The following table is taken from a paptu* by Fleming (Proa 
Roy. Inst.):— 

BLKtn'KKwii HK.siHTivrrv 


Metal 

Uf«t»llvity 

In (‘.(IS. InltK 

r«*rr<‘ntnKe 

Inereime, 


at u' C. 

iu 11H> C, 

{Silvtu* ... 

1 IdH 

40*0 

CJoppor 

ir.iu 

42'H 

(Jold 

2H>7 

87-7 

Iron 

iiear> 

02-5 



10iU7 

88*7 ( 

Mmniry 

1)4070 

88*1) 1 

German wilver 

21)1)82 

2*78 

Plafciucnd ... 

41781 

8-1 

Platinum- iridium 

imm 

8-2 

Manganin 

4(U17H 

()•() 


This table illustrates the great difference betwtsen ehunente and 
alloys in the value of the temperature etudlieitmt. For standard 
coils and for the coils of rmistanee Ikjxcs, in whicli it is desirable 
to have but little variation, it is usual to emplc^y manganin or German 
silver. liesistivity is the resisttince of unit c\ibe* 

Dewar and Fleming examined the resistivity of many metals 
at temperatures down to approximately — 200“ C. The decrease 
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of resistivity in all cases diminished as the temperature was lowered, 
and the curves which represent the variation of resistivity with 
temperature indicate that at al)out — 250'’ C. the electrical resistance 
offered by a wire of most pure metals would be zero. Alloys show 
no approximation to this condition. 

For several metals, o.g. copper, silver, and German silver, the 
resistances t”" C. and at 0" C. are connected by the linear 
law, 

Tr == n, (1 -f Ur), 

with fair accui'aey for values of r not givat ly diiicrerit from ordinary 
temperatures. 

In no case, howeveu*, is this linear law exac.t, ami in some cases, 
o.g. iron, it is decidedly inexact, so that it is generally necessary 
to use the formula 

fj. 9\, (1 + ar + Z>T“). 

The constants a atul /j are determined by measuring the resistance 
of the material accnirately at O' G, and at other temperatures not 
close to 0" G,, pla(!ing in the formula the vahu^s of /v thus obtairicd, 
and solving tlu^ e(iuati(ms thus given for a and A. When these 
constants nvo known for a given wire, tlu' Umiperattire of any 
enclosure in which the wire is placed may be found by measuring 
its roaistiuico in tlu^ enclosure and placing the value for Tr thus 
obtained in the a))ove formula. Galhmdar has made a special study 
of platinum, and has dtiveloped a system of measuring temperature 
in this way (Chap. XVII). 

(ii) Electrolytes and Bad Conductors.— Substances, e.g. water, 
in which tlu^ passage of th(‘ ehictric curnmt is accompanied by their 
chemical chu^ompositiori im) calltMl electrolytes, and in such suljsUincc^s 
the electrical resistance is diminished by rist^ of temperature. The 
same effect is observed with glass, which, when very hot, will con- 
duct electricity very well, whereas when cold it is one of the worst 
conductors known. CJarbon is another interesting example, owing 
to its use for filaments in incjmdescent lamps; its resistance when 
white-hot is only abottt half as gnmt as when cold, while its resis- 
tance at — 20(1’ G. wiw found by Dewar to b<^ cotwiderably greater 
than at 0” G. 

Kelation hatween Thermal and Electrical Conductivity.— 

Forbes first pointed ont that gocKl and bad conductors of lumt were 
also rea|>actively good and Imd (conductors of electricity, and that 
the table of metals drawn up in the order of their thermal con- 
cern) 13 
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ductivities was the same as the tiihle showing the order of their 
relative electrical conductivities. Wiedoinaim and Franz went 
further, and said that there was a deiinit(‘. simple ratio between 
the two conductivities. 


The results of experiments published by F. Welxn* in 1880 were 
not favourable to any such simple relation, and W'ciber suggested 
that the apparent proportionality obstjrvcul hy W'iedenumn and 
Franz was due to the fact that the nn^tals th(‘y experimented on, 
viz. copper, iron, and brass, have nearly tlu\ same, Bpec*.ifie. lu^at of 
unit volume— a (pmntity which plays an important jMirt in such 
investigations. Later experiments by KirehholT atid by Lorenz, 
however, appear to confirm Wiedetnann’s conclusion that the ratio 


conductivity of a metal for hmi 
conductivity of the same nu'.tal for electricity 


has the same value in 


different metals. The following table illustrates tlu^ suppoHcul con- 


nection 




Zhm. 

Iron. 

Ut’rniftn 

Silver. 

Hclativu thermal <H)nductiviticH 

: 




(Neumauu) 

•Hclativc cltujtrical coiultictiviticH 

nos 1 

:i07 

m 

109 

(MatthicHHcn) 

11 OH ! 


1H7 

80 


135 . THKEM()-KLKGTHICITY.-^^I.(^.t two wires (u* bars of 


different metols, a and B ( fig. 92), pnffenibly antimony and bis- 



muth, bo fastened togisther at one end, 
and have the cither ends al <»onnecte(l l)y 
copper wires to tlm terminals a delicate 
galvanometer n If the junction he now 
warmed, a deflection of the galvanometer 
needle at once takes place, indicating 
that an electric eurremt is iMWsing round 


w the cinnut, and the indications of the 


galvanometer show that up to a certein 
point the higher the temperature of the junction the strijnger the 
current. If, however, the temperature be raised alnive a certain 
point the current begiiw to decrease. 

If the ends ctl be warmed simultaneously and equally with the 
junction no deflection takes place. If ice be ajiplied to the junction 
while the temperature of c and d remains that of the atmosphere, 
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the direction of the current is reversed. The wires connecting the 
points cd play no part in the production of the current, the effect 
being the same as though c and d were in contact. Thus in a circuit 
composed of two different metals, if one junction be hotter than the 
other an electromotive force is brought into existence at the junction, 
and an electric current is produced in the circuit. Such currents 
are called thermo-electric currents, because they are produced and 
maintained by heat. Any pair of metals similarly treated give 
a similar effect in greater or less degree. Hence we may have 
thermo-electric “ couples ” of various metals, and by forming 
couples with some one metal luid each of the other metals in turn 
Becquerel formed a thermo-electric series, showing the relative 
electromotive forces set up with a given difference of temperature 
between various metals. The term thermo-electric force is tised to 
denote the electromotive force set up iti this way. 

Variation of Thermo-electric Force with Temperature. — The 
dependence of thermo-electric force n])()u the temperature of the 
junctions can 1)6 observed by 
arranging a circuit in the manner 
shown in fig. 93. A steady cur- 
rent is maintained in a circuit 
of high resistance aw, a portion 
of which may conveniently con- 
sist of the wire An of a Wheat- 
stone’s bridge. By this means 
the potantialdifierencea between 
B and different points along ab 
are comparable. The thermo- 
electric circuit previously de- 
scribed (fig. 92) is adjusted to 
this as a shunt-circuit in the 
manner shown in the figure^-D 
being a sliding contimt. For 
purposes of measurement the 
thermoelectric junctions are placed in baths, whose temperattire 
can he regulated and measured, and for each pair of temperatures 
a position of d is found, which gives no deflection of the galvano- 
meter when both circuits are closed. When that is the case the 
difference of poteritial between the points B and i) due to the 
thermo-electric couple is the same as that due to the battery. This 
may be found in absolute measure by a separate experiment in 
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which a standard cell is used to establish a known difference of 
potential between two points on the bridge wire. 

As the temperature of the warm bath is gradually raised the 
thermo-electric force at first increases; at a certjiin temperature 
called the neutral point of the two metals it reaches a maximum 
value, and then commences to decrojise. The neutral point for 
a copper-iron couple is about 270". If the heating be atdiicicntly 
continued, the thermo-electric force falls st(^ndily to zero, and then 
changes sign, the current produced under these circumstances being 
in the opposite direction to that prodmxid at first. I'ln’s last phe 
nomenon is known as thermo-electric inversion, and takes place 
when the mean of the tcrnperaturcs of tlie junctions is the neutral 
point. 

According to Tait the thermo-electric force of two metiik is con- 
nected with the temperatures of the jimctioiis l)etween 0" C, and 
600'' G. as in the following formula:*— 


E 




+ 

2 J 


where tlu'. absolute temperatures umpectively of the 

neutral point, the*, hot junction and tin*. <h> 1(1 junction, and M is a 
constant peculiar to eatdi pair of metals. 

To give a practical idea of ftm'v (i.t% the <‘ltictromotive foroe of 

a thermo-electric eouple) we may remark that with a copper-inm, couple having 
one junction at 0" CJ. and the^ (»lher at U)0 tt tln^ thermo eh?etric force ia alK)ut 
ifl jj of the K.M.F. of a DanitOrn ctdl, and with a hinmuth-antimony couple under 
Che same conditions about Ht^ven tirncm that value. 

It is manifcEt that wlnm once the values of E, M, and have 
been determined for atiy pair of meUls, such an arrangement may 
be used to measure temperature. (See Art. 195.) 

Tait introduced the t(n‘m tharmo-alectrio power to denote the rate 
at which the tharmo-ehu^tric, forces (»f any eouple is varying with the 
temperature of that junction whitdi is changing Um temperature, and 
expressed his results in a diagram (fig. 94). In this diagram the 
absciss® represent temperature, and the ordinaUis thermoelectric 
power for the motels iron, oop|mr, and zinc, with reference to load. 
In such a diagram thermo-electric force is reprtisented by an area. 
Thus the area aikjd represents the theraio»eleeti‘ic force of an irom 
zinc couple with its junctions at O"'’ and 100'’ respectively, and the 
area ahkd represents the thermo-electric force of an iron-copper 
eouple within the same limits. 
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Fleming continued the investigation for temperatures between 
i00° C. and —200” C., and his lines of thermo-electric power for 
the metals iron, zinc, copper, and platinum, with reference to lead, 



indiaito that the thermo electric power would probably become zero 
at or near the absolute zero of temperature. 


136 . THE THERMOPILE.— If several thermo-electric couples 
be joituul together in series, as indicated iii fig. 96, the total thermo- 
electric fore.e is correspondingly 
multiplied. 

If the terminals ]>q be joined 
by a an<l one set of junctions 
warmed, a current flows round the 
cinmit. Siudi an arrangemtuit can 
be made to take any convenient 
shape, and in the tluu’mopile (fig. 

97) the bars are packed in layers 
of tlio form shown, the whole forming a c.ube. with the junctions 
at two opposite faces, and the mettils so c.onnectod that if they 
were 8 uflic*iently ductile they could be pulled out into a straight 
line aa indicated in fig. 96. 

The thermcjpilt^ when in use has the tenninak of the rnetals con- 
nected, fis shown, to a <lelicate galvanometer. If a reflecting galvano- 
meter be employed, its senBitivonoss is so grmit that a very small 



Fig. M 
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difference of temperature between the faces of the thermopile gives 
a measurable current. For very small ctmrcnts tlu', temperature 



M«.07 


difference may bo Uken as proportional to th(‘ rtirrcnit. This was 
the apjmratua used by Mt^lloni for his re- 
searohoH on radiation ((’diap. XVI }. 

137. EEi;riEU KFFKCn', It was dis- 
covered by Peltier that wlien a tnuTcnt of elec- 
tricity through a jurniion of two metals 

the junctitm is (dlher ht'aUui or cooled accord- 
ing to the direction of the <‘urrent, A current 
piiasing from a rod of antimony to a rod of 
Insmuth heats the junction of the nu^talH; if 
the current pass in the opptmite <linH’tion the 
junction is cooled. The direction ttf the tnuTont 
which prcMluces the ctading is timttd the thermo- 
electric curretit which would be produced if the 
junction were heated, 

PeltiePs apparatus for dememstrating this 
phenomenon consisted a differential air ther- 
mometer (fig. 9B) into the hullm of wlih’h were inserted bismuth- 
antimony couples AB atid a'b', which were connectecJ with wires 
leading to a battery. 
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When a feoblo current was passed from B to A, or from b' to a', 
the air in th(i corresponding bul]> contracted. When the current 
was passed in the opposite direcition the air expanded. 

When A was joined to a', it to one pole of a battery, and B' to the 
other, so that the curr*ent passed rotnid the circuit baa'b', the air in 
0 contracted, while that in v/ expanded, the effect obtained being 
the stun of the proviotis separate effects. 

IjO lioxxx placed the two pairs Ait and A'lt' in water contained in 
separate calorimeters, atid by employing delicate thermometers was 
able to nn^asure tint hi^at evolved or absorl)cd in the process; and it 
was found that tint heating or cooling effect is proportional to the 
strength of tln^ current. 

138. 'I’llOMSON EEEEGT.— Sir William Thomson in 184G dis- 
covered another most inttnutsting fact as to the relations of heat to 
the electri<‘. curremt. If a 
wire be mad(^ hott(U‘ at a 
point A than at a neigh- 
bouring point H, and an 
electric currtmt th<‘.n passiHl 
along it, tlu^ position of 
maximum temperature will 1%, 00 

be carrii'.d from a t'itiun* 

towards n or from u according to the direction of the current. When 
an elec.ti’ic currtmt passtm from hotter to colder or from colder to 
hotter parts of the same wir<i it carries heal, or cold with it. The 
phenomenon has th(mc(i Ixnm called the electric convection of heat. 
The effect is opposite in copper to that which shows itself in iron. 

One of the forms of Sir William Tliomson^s apparatus is shown 
in fig. 91). iiAi> was a tulie of thin sheet iron containing at the centre 
of its hmgth an air tlun‘mom(‘.ter A and similar thermometers B and 
ff on cuich sidt^ of a. Gold water circulating through a system of 
pipes KFO maintained the tmds c and l) at a constant low temperature. 
The e.nds of the tube terminated in bundles of wires, by nutans of 
which ilw tuh('. was connected with an electrical cirenit in which a 
strong curremt was flowing. The tube was heated by the current 
so that tlu^ temptn’aturi^ indicattMl at A was aliout 7(r G. When the 
currant passcxl from a to l> the thermometer n' imlicated a lower 
temperature than 11, and when the current was reversed th(‘- liquid 
column in n' cpuekly fell, while that in B quickly rose. 
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qxtestions 

1. Whit is Joule’s law of the boat i>r(Hlii(!(«l in an olooti'ic oironit, and bow ia it 

proved ? 

2. Two wires whoHo n^siHtanooH are in tin' ratio of 2 to d havo (‘urront,M paHHing 

tlirough thorn wIioho Htron^^tliH art' in th(‘ rat.i«> <>f d t<» 2. (hnnparo the 
qnantitics of lu‘at produood per Hi'cond in tho wiroH. 
a Dcacribc the Peltier dfeet atid th(^ 'I’lionmon (dToet. 


CllAPTKU. XIV 

(^ONDIHTIVITV 

139. TRANSMISSION OK HEAT AND TKiMPKUATURR 
—A gonoral idea a8 to the eoinhieting power of sobstaiieeH may ho 
obtained by touching thorn, atonlinury temperatun’s, witli the warm 

hand. If th(‘y chill 
t.he hand rapidly, an m 
tln^ <'as<^ with me.talH, 
they an* good eoiuluc- 
t(»rK; if they do not, 
UH in tlu^ easc^ with 
wool, nilk, ftdt, and 
himilar inaUu'ialH, they 
FJg. UK) uri^ had eondmttorH. 

A tmeful apparatus 

fora preliminary study of conductive power is that of IngemhauBz, 
shown in fig, 100. Several rods of diHereiit trietals, hut of the 
same size and with the states of their stirfaecm an nc*arly m may he 
in the same condition of polish, have t'ach om* end fixed in exactly 
the same manner thro\igh the side <if a trough, 'riu^ portions out- 
side the trough are thinly coatiHl with wax, and the trough is 
then filled with some hot Ii(|ui<l, such as oil or water, whose tem» 
poraturo ia maintained constant. The hemt is eonducUetl aitjng the 
rods and mtdts the wax. 

In the early or variable 8t4ig(5 of tht^ experimemt, wliihi the melt- 
ing is advancing along the rods, the ratc^ at wliieli the melting pro- 
ceeds is unequal. It is faster, for instance, along a real of bismuth 
than along a rod of iron. When the melting v.mmm to lulvamte along 
the rods and the permanent stage is reached, the lengths along which 
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the wax is finally molted arc also different for different rods, being 
greater, for instance, with iron than with bismuth. 

The rates of nn^lting of the wax must thus be carefully distin- 
guished from the lengths finally melted. During the variable stage 
of the expeiiment a “ wave of temj)eratm*o is passing along each 
bar. 

The wax nudts wlum its tem])erature is raised to its melting- 
point, so that, tlu^ (a)tirs('. of the nu'.lting of the wax marks the pro- 
pagation of this wave of temperature. During this process the heat 
is changing tlu^ tlunanal condition of the ]>ar; it is raising the tem- 
peratnr(s of t.ln^ HU(uu^sHi\'i^ layorn as it reaches them, and the greater 
the (piantity of Inuit that is recpiirod to effect this change, the longer 
time, if no other cause affc.ct the result, does the process occupy, and 
tlio slower is th<^ mU) of propagation of the wave. For inatatice, it 
ixHpiires sewam times as much lu«it to warm the first cubic centimetre 
of an almniniiun rod as it <lo(m to warm ecpially the corresponding 
part of ati ii’on rod, so that unless the lumt were passed on from 
layer to layer of tlu! aluminium rod seven times as fast as along the 
iron rod, the wavt^ would proctaal niore rapidly alot\g the iron rod. 

I'he proc.(WH going on in the bar during this stage is called the 
diffusion of In^at. or thermometrio conduction. It is evident that 
the ratt^ of propagation of the wave is affected by the thermal 
capacity of tin'. HuhHtanc(^. 

Aft('r this variable Mtag<^ has been jiassed a permanent stage is 
reacluMl, in which the heat flt>ws through the stihsUnce of the rod 
without alU'ring the tcunperatnnm of the various parts and is steadily 
difisipaUMl from tbt'. surfact^ of the bar. The heat then effects no 
change iii the thermal condition of the aubsUnce; the only process 
going <m is that of the transbu'enee of heat from layer to layer of 
the bar. Tliia prcKums is conduction of lumt, and the conductivities 
of tht^ rcnls can \m aliown to be proportioind to the stjuaros of 
the lengths idong whicli the wax has been melted. The method 
forms a convenimit means of eonijairing the conduotivitias of metals. 

X40. CONDUaTIVITY AND DIFFUBIVITY.^ Conductivity 
is the numerical meiymre of eonductioru 

This subject has been invastigatad mathematically by Fourier, 
Fourier’s tlieory suppemes that hemt jmssea from oim molectde to 
another l)y rfwiiation Just m it dom between two larger masses. 
A hotter molectde riitliaUm heat to a cohhn’ one, the qiiaiitity thus 
eommunimtiid dcHiroitaing rapidly as the distatiee between the mole- 
cules 4ncrei»ii% being pro|)ortional to the difference of tewn^erature 
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between them, which is always small, and independent of the abso- 
lute temperature of the molecules. Although the third condition, 
is not based on experimontol evidence, the results of Fourier’s theory 
correspond well with experience. 

An important case is that in which heat is propagated through 
an indefinitely largo mass of solid. 

Imagine a largo cube of conducting material, of which one face 
G is kept hot and the opposite face n cold (fig. lOl). Consider a 
small area <’• in the middle of thi^ block, having 
its faces parallel to u. flow of heat 

through tlie lamina c is perpendicular to its 
faces, and there is no loss from the (ulges of the 
lamina, becauHO thorns <ulges art', at the same tem- 
perature as the n'lnaimlm' of l.he solid in the 
same plane. Then Fourit'rs theoi'y shows that 
the (quantity of heat 11 that passt's through the 
lamina u is directly proportional to 

(\) tho area A of the lamina. 

(ii) the difierence of temperature — r.^ (existing between tho 
opposite faces. 

(iii) the time t 

(iv) tho conductivity k of the material of the plate; 
and inversely proportional to 

(v) the thickness I of the lamina. 

Thus II — ^’A^* y 

If A and I are each made (Hpial to unity tlm lamina becomes a 
cube. If, further, the difienmee of tem|nn*aturt‘H Tj -- be one 
degree and the time t one second, tlien H « whicli gives tlie 
following definition: The emidudmh/ of a eukiunee is nmmured bij Urn 
(Quantity of heat that pnim in unit time thmmjh unit arm of a plate of 
that substance whose tkieknem is nnily^ when the di(/hmes of iempmniure 
beiwem the faces is aim unity, 

Tho term osdormetric oonduotivity is sorimt lines employe<l for 
conductivity in order to distinguish it from thermomeiric; conduc- 
tivity or diffusivity. 

Biffasivity is the numerical measure of ditiusion, i.e. the rate of 
diffusion of heat throngh a substence. The inatheiimtictal iremtment 
of the subject, which cannot Im given here, shows that when a solid 
38 brought into contact with a source of h«t, the htmt diffuses 
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througli its mass according to a law whose expression involves 
the conductivity of the substance, and, as indicated above, a factor 
involving the thermal capacity. The two processes of diffusion 
and conduction of heat are closely related. The difference between 
them is due U) the fact that different substances have different 
thermal capacities. If all bodies had the same thermal capacity the 
relative rates of propagation of a wave of temperature through them 
would measure their relative conductivities. 

The rate of diffusion of temperature is slower for a body of 
higher thermal capacity and faster for a body of lower thermal 
capacity. If two substances ai*o of equal conductivity their dif- 
fusivities ai*e inversely i)roportional to their thermal capacities. 

It is usual in experiments on conductivity to compare equal vol- 
umes rather than espial masses of different substances. If, then, 
c be the thernnd capacity per unit vohmie (specific heat x density) 
and k the (‘onductivity as above defined, 

Difliwivity = * = - 

c thermal capacity of unit volume 

141. DETERMINATION OF CONDUCTIVlTY.^Clement 
in his experiments to determine the value of the conductivity em- 
ployed a shctit of copper, 1 sq m. in area and 2*5 mm. thick, placing 
one face in contact with steam at 100" G. and the other in contact 
with cold water at about 28** G. Then H the quantity of heat that 
passed through the plate in a given time t was known from the 
rise of temperature of the cold water, and the formula gave— 

n = ifc X 10000 X 

whence k was determined. 

The value obtained for the conductivity was only about of 
that now known to be correct. The failure of the experiment was 
due to the fact that the temperatures of the two faces of the plate 
were very different from the Uunperatures of the steam and cold 
water with which they were apparently in contact. 

Feclet repeated these experiments, lessening the differences of 
temperature between the fac.es, and stirring the water very vigor- 
ously. Ha obtained for copper a value thirty times as great as that 
of Clmnent, but his results for good conductors are, nevertheless, 
useless from tlu^ cause indicated above. 

iSy employing plates of different thickness, and exposing their 
laces to different temperatures, ha, however, established experimen- 
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tally the law embodied in Fourier’s formula that the flow of heat 
across a plate varies directly as the diUcrenco of temperature between 
the faces and inversely as the thickness of the plate. 

The difficulty experienced by (Jlement exists to a marked degree 
in boilers. A boiler plate is exposed to hot gast^s on one aide and 
to comparatively cold water on the other. Ivtaamt investigations 
show that there adhei'cs to the one side a thin film of hot gas 
probably about in. thick, and to the other sidc^ a film of water of 
about the same order of thickness. Tlui iH'.Histanee of the gaseous 
layer to the conduction of heat is very grt^at, foimiing, acconling to 
Hudson’s experiments, about U7 per cent of the whole resistance to 
the passage of the heat. Its removal may be partially effected by 
causing the hot gases to move over the plate at a high vehxaty, a 
remedy which modern practice is adopting. 'I'lu^ film also becoTiics 
thinner when the temperature of the gases is wry high. Tho exist- 
ence of this film may Ix^ demonstrated by boiling wattn* in a paper 
vessel hold over a flame. As the paj)tu‘, tlumgh a ha<l conductor, 
remains unburnod, it ia clear that its t<unpiu'at-ure rmnaitis compara- 
tively low. Inspection shows that the flame does not eom(^ into con- 
tact with the vessel. 

142. Whore slabs of some thickiuws are available the following 
method avoids the difliculty. awd (fig. 102) represents the slal) of 
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material having an ice chaml>er M on one sicli^ and a ateani chaml)er 
L on the other. Smaller cylinders J and K alnit uptuj the central parts 
of the sides of the slab, ami thermometei’s or thernuKctonpIaH N and 
are inserted in the alah along its central line a ineiwurod diitence apart. 
Steam is passed continuously into the connecting cylinders h and J, 
the disconnected cylinderi M and K being |mckcd with {)iccas of ice. 
The cylinders J and K as well m the portion efoh of the slab being 
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tlins each surrounded with material at the same temperature as 
itself, there is no loss of heat from the sides, and the lines of flow of 
heat through the central portion of the slab efgh are straight. And 
the temperatures being taken at the points N and P within the slab, 
there is no surfat;e film to consider. The mass of steam condensed 
in J and the mass of ice melted in K arc ascertained by the mass of 
water drawn ofl‘ through the taps Q and K, and this gives the quan- 
tity of heat transmitted through the cylinder kfcui whose dimensions 
arc known, ddie temperature gradient is known fi'om the indications 
of the cm])(uld(Ml thermometers. Thus all the quantities of the 
equation of Art. 140 Jire known except ily tin's method, usually 
known as the (jmmi-rmj method^ Bergot has ol)ta,incd the following 
values of /c- for (•opj)er T04, iron ‘159, ]>rass '20 in 0.(4. S. units. 

143 . MKAN AND TRUE COEFFICIENTS OF CONDUC- 
TIVITY.' In such measuromonts as those indicated above, it is clear 
that the coeflkn’tmt k obtained is a meaTi value between the tempera- 
ture limits employed. If h changes with the temperature, it has a 
sepai'atc “true” value for (sach tcmpcratun*.. It is therefore necessary 
to distinguish l>etw(Mm the mean an<l true values of k The true con- 
ductivity at r" is the value obtained for k from the expression h = 
lI//Ajf(Tj — T.^) when Tj and are indefinitely near to r*. If I and t 
bo also indtviinitely small the expression of Art. 140 becomes in the 

notation of the calcidus II — is called the temperature 

dl dl 

gradient. 

144 . FORIM^lvS’H EXPERIMENTS.»»-Amoiig the earliest mea- 
surements of a thoroughly reliable character were those of Forbes, 
die principle of which we now attempt to explain. 

(IcumiUtT a Imr All (fl^. lOH) havinj^ oiui (‘nd A maintained at a aUituly temjKira- 
fcuro, auppime 10" Ct, aad the otht^r end i» at 0" (J., the temperature of the 
rounding air biung also O'* 0. Imaginn a 
groove filltHi with mereury to exist along tho 
upper surface' of the bar, and Urn tluu’mo- 
meters to be placf-d thertun in such positions 
that they reiwl Huceessively 10 ', 0®, 8**, &c., lOS 

to 0*' ()., each thtirmonutter iHung very nearly 

at the e.entre of a certain length, 'whose mean Umijasraturo it inditmteia. Heat 
is iMuiring into the bar at a, and since the bar gi^ts no hotter or cooler this 
heat is all {lissipatecl at the surface of the Inir. Fix the attention on a lamina 
It ia eltiar that less heat m passing through 0 than entercal at a, hecuuim* some 
has iMitm disHtpated at the surfataj between a and v. The (piantity of heat 
tltat through c is the (pmntity H of the formula, and its rhoasuroment is 

the object to l>e accompliiihed. Bupisise there are four thermtimetera laitwoen 
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0 and B reading respectively 4^ 3°, 2^ and 1 tlie length of their sections being 
respectively a, b, e, d. Then if k he the (piantity of lu'ut dissipated per second 
from unit length of a bar at 4" when placed in an enclosure at O'; the heat dissi- 
pated per second in tliis section is ak units. Hiniilarly, if k the (piantity of 
heat dissipated pen- secemd from unit length of a bar at 3“, tlum tlu^ heat dissipated 
per second from this sisction is bk Bnits, and so on. Thus tht'. total heat that 
passes through o would l)c 

(ik "h bk 4' *'k 4* dh^. 

The (piantititis a, h, c, d are (uisily nutasun'd. <piantiti<*H k^ ascer- 

tained by a separate expiu'inumt thus; Let tin- bar 1>(‘ heated to 10" and allow(;d 
to cool in an (iiicloHun^ at {)^ its tl'mp('ratur(^ being o))H«*rved, say, (‘very H(‘coud 
during the whoh' time of its cooling. The fall of leiuperature, inasH of unit length, 
and specific luuit of the bar Ix'ing known, wt^ can caleuhU^* the (juantity of heat 
that leaves unit length of tlu* bar in one setxmd during ea(‘h htag(* of the (tooling 
process. Buppow' it is found tluit (*aeh unit (»f lengtli wh(*n at -b' parts with k 
units of heat ptu* wu'.ond, at 3" it parts with k units p(‘r wssmd, and so on down 
to 0". Since this small bar in cooling passes Hueces«iv(4y through all th<» tmupera- 
tures at which tlu» dilF(U*enfc portions of thes long bar wert* maintained in th(( first 
experiment, the (piantlti(*s of luMit thus (tahuilated are tlu* same as th(( (puintiti(B 
of heat Ai, k l(4t tlu^ long bar per S(‘eond at tht‘ samt* tempeTatures in 

the first experinumt. Tlu' sum of the terms uAj. AA-j, (H,‘e., cam now lx* obtained, 
and H the whole tpuuitity of heat passing througli the layer v is known. 

The (piantity ^ may lx* oiatained by placing therimmieters exactly at the 

lioundary planes of the lay(r c, noting tin* temixTaturen /, and r.j, and ns'asuring 
the thickness L 

If such a set of n'adings he tak(‘n for positions all along tlu' bar, the daita aro 
obtained for a mimher of values of k viz.: Oia* for t'very Mirtion of tin* bar, and 
as these sections an^ at dith'nmt tengieratures. the t‘\periun’ntH M(‘rv(‘ to dt'cidt* the 
furtlnr (piestion wludher tlu! conductivity varies with tin* tmnperature. 

The experiment was not of courmi carried out im alxive thmerils'd. Tin' dt'serip- 
tion is merely intended as an atttunpt to mak«* the metlnxl undm’stiHxl without the 
aid of matluunaticj^. 

Forbes experimtdittMl on two iron burs, of which Uh^ printnpal 
one was 8 ft. long and in. ntpuiro. In onn nel of experiiuents the 
bar had a semi polisluHl Hiirfnctg wluie in another net it wan pasted 
over with thin paper. His apparattw is shown in tig. 104. One end 
of the bar AB was about at the tiunperatun^ of t he air. The other 
end was maintained at a high temperature )>y numns of a eastdrou 
(tup containing melttul l(*.ad or soldtir kttpt fluid by iin^uw of a gas 
furnaeiL This cup was finely adjusted to tht^ bar by filing. It was 
found that by careful atterition the ttnuptuaiun* of llu^ molten licpiid 
could be maintained fairly constant during tlie time eatdi experiment 
lasted, which was from 6 to 10 hours. I'cm thiu’mometars ware 
inserted in mercury contained in small holes in the bar at disOmces 
varying from 3 in. to B ft. from the hot end, and they as well as 
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the bar were carcfnlly screened from radiation proceeding from the 
source of heat. 

The two <inantiti(» to l)o <letorminod arc IT, the whole flow of 
heat, and ^ The latter quantity, when the layer is very 

(I^T 

thin, becomes ■ ^ ; it gives the variation of temperature with distance 
at any point, and the conductivity is proportional to II 4- 

Cult 

From thi) roadiogR of the ton thermometors Forbes drew a tem- 
perature curve ahr, 

(fig. 104), in which 
the absciaHjc wt^re the 
diatauces from t.he 
hot end, and the 
ordinatcH the exi‘(‘,HH 
of tOTnporature at 
those pointH of the 
bar over that of the 
air. The curv(^ vvas 
very nt‘.arly a logar- 
ithmic curve. It 
served to give tlu', 
temperature at atiy 
point of the bar, and 

the value of the tangemt at any point of the curve gave the 

variation of tcunperature with distance at the corresponding point 
of the bar. 

He then heated a short bar to the temperature of the melted 
lead or somcuvhat above, and, allowing it to cool, took its tempera- 
ture at freepumt intt‘rvals. From this lie drew a curve representing 
its rate of c’ooling, taking for abscisme the time and for ordinates the 
excess of temperature ahov<^ that of the air. 

dr 

At any point of this curve the value of the tittigent repre« 

(It 

serited the rate at whi<*h the tem{>erature was falling, from which 
the rate at whi«*h tln^ heat was leaving the bar at the temperature 
eorreiponding to that point was known. 

Bifice the staaaul curve gave the rat<^ at which heat was leaving 
the bar at any tamjairatimi, by integmting between any two assigned 
values and the whole loss of heat from that portion of the 
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bar which was between those limits of tempcnitiirc became known. 
The quantity H may also be olitained thus: I'ake as abseisaje 
&c., different lengths aloJig the experinumtal bur. Idle excess of 
temperature t at each of these points is known from the curve of 
temperatures; those excesses of temiieratuiH^ arc. tin*, ordinates of 

certain points on the second curve, and tbe tangimts at the 


points thus formed giv(^ the rate at which h(*at is leaN'ing the bar 
at those points. 

With /p as ordinates, and tlu‘ (“onTsponding values of 

.7 ^ ^ 

thus olitained, construct a curve. Krom t ln^ an‘a of this curve, 


which is very nearly a logarithmic curv(\ w(* obtain tlu‘. total escape 
of heat from the liar or from any part, of it.. 'Fhe loss |)er unit of 
time on the cooler side of any given layer is rcpreH(*nt.<ul by the area 

beyond the corresponding ordinate to Uu^ point wluua^ is scero. 

We give the readings obtained by Eoi’bt*H fnr two 
bar, and the final nuluc.ed valiums of k. 


Actual 
Tompurattire 
ill (r. 

Exotwa ahov« 
Ttviupuraturt' 
Air. 

Vnhu’w of 
tir 
tU’ 

Kluam) 

1 

11 • 

fit 

A* In CO.H. 
I'nltM. 

bS i 
0 I 

12 

27 

i 

n 1 

40 

•in 1 

■rci 

•oi:m 

•01 no 

•IS 

•17 


The numliers in the fifth (‘olumu iiw prop<H’tionat<'. to the con- 
ductivity at the temperatures given. To naluce them to almohito 
values they must b(^ multiplied by tlu' values tjf the Bpeeific gravity 
and the specific heat of the sulmtanee of the har, 'Fhe further reduc- 
tion to C.G.S, units gives the values shown in cohnnii six. 

145. EXPERIMENTS OF WIEDEMANN AND FRANZ.— 
The arrangements used in these experiment44 are indicated in fig. 105. 
The experimental bar aa', which was half a metre long, thin, and 
coated with silver, waa plaetal in a glass cylinder v, one end a pro- 
jecting into a chamhar K through which steam was kept circulating, 
while the other emd was sup|K»rtad on a projection from the metal 
plate I) which formed the on<l of the cylinder. The Uuiiparatura of 
different portions of the lair was ascertaimid by mcana of a thermo- 
electric couple B (Art, 195) which claaficcl the bar and which could 
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bo moved into any required position by means of the glass rod S'. 
This m(‘.thod of obtaining the temperaturoB is preferable to the use oi: 
mercury thermometers, as the mercury is lialilc to move with sudden 
jerks; ])Ut the rods employed in these experiments were short, and 
the range of temperature was not great, the effect of electroplating 
the rods l)ei ng to check the radiation to a very groat extent. The 
results showed that the temperature of the experimental bar at 
equidistant points on its length, beginning from the heated end, 
exceeded the temperature of the enclosure by amounts forming 
a decreasing geometric progression. This result is in accord with 
Fourier’s theory. 

Wiedemann and Fratiz also concluded from their experiments 
that th(^ thermal conductivities of metals are in the same ratio to 
each other as the electric.al con- 
ductivities (Art. KM). For 
general results see the table on 
p. 415. 

Kticeut measurements of con- 
ductivity have usually been de- 
duced from obscjrvations during 
the variable stage when a wave Bg, los 

of temperature is passing along 

the bar. The theory of the method is difficult, and we can only 
hero indicate tlio course of the experiments. 

Angstrom took long bars of metal and caused a succcsBion of 
temperature waves to pass along them by alternately strongly heat- 
ing and cooling one end. The peritMl of a complete wave was about 
24 minutes. The passage of the wave along the bar was indicated 
by a series of embedded thermometers as in Forbes’s experiments. 
From the series of ctirves thus obtained the value of the diffusivity 
was calculated. The conductivity is then deduced by multiplying 
the diffusivity by the thermal ctipacity of unit volume of the bar. 

The following figures have been obtained for iron and copper:— 




Nouttmnu. 

Angatrtini. 

Hergot. 

Oalkjtidar. 

Iron 

•209 

•164 

■199 

•169 

•11 


t 1-OB 

1-108 

1-027 

1-04 

— 



The variation in the figures is due to the difficulty of the experi- 
ments, to differences in the quality of the material used, and to 

COW) 14 
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difference in the limits of tcrnporaturo within which the dotermina- 
tions were made. 

146. DIFFUSIYITY: UNDFIUIROUND 'rKMPKEATURES. 
-—The method of Angatroni was applied by la)r(l Kelvin and Forbes 
to the rocks that constitute the tsarth s crust !>y olmervationa on 
thermometers immersed to dihbront depths. Waves of temperature 
are started downward by the summer heating and winttu* cooling of 
the surface, and the period of stich wav(‘s is of eourst^ a year. The 
waves appear to die away at a deptli of abtml 50 ft., but there is 
considerable variation in the numerieal n'stdts obtaintMi, owing to the 
differences between the luxating and eooling in different stuiKouB and 
the different charae.tor of the maUu'ial iimv t he surfaec*. Bidow this 
depth the mean temperatun^s im’n’nm* with th<^ <l(*.pth, tlu^ rate of 
increase being on an av(‘rage ! f<»r every 1 10 ft. 

Some recent obscn'vation.s in a dt‘ep boring in Virginia showed 
a rate of rise of temperature inereasiiig with the from 1“ C. 

every IGO ft. near tln^ surfac^e to 1" (’. every 1 10 ft. at a depth of 
about 4000 ft. 

This gradual rise of temperattire with gradually incrcwising depth 
shows that there is a flow of iient fnun tln^ iuttu'ior to the surface; 
and on the data available as in the rate of this How, Lch'iI Kelvin 
calculated that it could not In* more than alsmt l!0() million years 
since the earth \vas in a tnolten staOt Hut thc! recent discovery of 
the production of heat by radium and the disiuU'gratitm of radio- 
active sul)stanceH is l(^a<ling to a imwliHeation of tliese figures, for 
radioactive substatHaw have been hmnd to la' widely <liffu«ed in 
sensible quantities in the earth anumg the older rocks, and the pro- 
duction of heat from this source is so ciUisiderable m to point to the 
conclusion that the earth has been in much the winu! sti^ki as now 
for several hunch’ed million y<*nrH. 

147. Vmation of Conductivity of Metals with Tamporaturo.— 
Forbes concluded from his exjHsrimenta that tlu^ thermal conductivity 
of metals decreiyies with rine nf Uim|H!raturi% but lait has shown 
that this conclusion, which depended cut tiny assumption that the 
specific heat is constant, is not justiflaltle. Angstrom am! Thalen 
investigated the matter, Imt the results as yi^t fittiuned are some- 
what contradictory. It appears, h«»wever, that the simple propor- 
tionality thatwM formerly sup|smtiil to exist in this respec't lietween 
electrical and thermal eornluctivity is not estahliahiMl (Hue Art, 1*14.) 

148. MKTHODB FOE HAD OONDIICrroiiH. - -The methods 
described above are inapplicable to laul eomiueitiri, Imeiiuse with 
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such substances the heat lost hy radiation and convection is very 
large as compared with that comliicted through the mass. Peclet’s 
method has Ixicn d(iscri])od above. It is fairly good for bad con- 
ductors, ])ut tlu‘. loss of lu‘.at from the edges is a defect. Ayi*ton 
and rerry, therefore, following out a liint of Lord Kelvin, heated 
a sphtire of })orphyritic trachyte (luiilding stone) in a bath main- 
tained for a long period at a constant temperature, and then cooled 
it by immersing it in a rapid stream of cold water. The outside 
being tints at a constant lowtn- temperature, the rate of fall of 
temperature at tlu‘, (‘entre of the ball was observed in this way. 
At the centre of the H|)h(n’e was a small cavity containing moremry, 
into which dipped a copperdron thermo-electric junction attached 
to two very litie leading wires that were cemented into the stone. 
The other (ujpperdron junction was immei’scd in a })ath the tempera- 
ture of wliic.h w/iH continually adjusted, so that a galvanometer in 
the circuit indicated as tu^irly as possible no current, under which 
circumstances a tluu'mometer immersed in the hath gave the tem- 
perature of the centns of the sphere. In Fourier’s work on conduc- 
tion ati e(piation is obtained for the*, temperature of a point at x 
centimetrem from the ccntrcj of a homogeneous globe, and hy subr 
stitution in this of tins numerical (|uan titles observed the value 
’0059 was obtained for L 

A modificatiori of IAhLch’s method has boon employed by Lees. 
He took two nu^tal bars of tduj same', material and diameter and 
placed them in a line, with a disk of tins badly conducting substance, 
also of the same diamete.r, Ix^tween tlieir adjacent ends. One end of 
one bar was then lujattnl, and hy means of thermo-electric couples 
the distribution of Uunperatun^ along the two bars Avaa observed 
with the disk first in and then out. Tim ends of the bars were 
amalgamatcxl with mercury to ensure gcxxl contact. The conduc- 
tivity was cakmlated by Forhew’s formula. Disks of variotm thick- 
ness were employed. The values obtained for the conductivity 
were— 

(Jn>wri ’0024. 

IhHsk salt, *014. 

Hhullws ’0006. 

Quart/, lUuii^ tlu.^ axis, *0«l; |Kir|xmdicuhir to axis, *016. 

Itailiiiifl apar along the axis, *01 ; jxiriMxxhcular to axis, *0084. 

In another series of experiments l)y Lees a pile of small disks 
(fig, 106) was made, a, b, and a being of copper, e the substance to 
experimented on, and l> a flat coil of wire through which a current 



196 


HEAT 


of electricity was passed, and in which thei'cfoiH' heat was generated 
at a known rate. When the stead}^ Hta<.<*> was r(^a(‘iied tins }u>at was 
dissipated from the snrfai'es of the j)ih*. 

The ternperaturt'B of A, n, and c unn’o r(‘a(l hy tru^atis of thermo- 
couples inserted into their edges. Tins wholes pik‘, was varrushed so 
that its emissivity was the s^imci throughout. 

Thc^ total heat supplied 
was ealculuU'd from the 
curnmt in tin*, coil and its 
resistaiua^ (Art. 133), and 
as all this lu^at was emitted 
from tlu^ surface of the pile, 
the rate, at whitdi heat was 
leaving tlu', surfaces of each 
FiK. KKi uf t'h(^ plat(‘s was known. 

Thus the (fuaritities of heat 
flowing into the top of u attd emt at the bottom of K were known, 
and the mean of these <juantitiea was t4ik(‘*n as tlu^ (pmntity H m 
the formula of Art. 140. 

The variation iti tlu^ eoiuhietivity in ditlei’ent directions pos- 
Bossed 1)y leolotropic s\d)sta!ic('H such as crystals was demonstrated 
by do Sonarmont by m arrangenumt illustnitt^d in fig. 107, where 
AB represents a thin lamina of tins cryst^d, cujK a silver tube |)aHHing 

normally through 
AB, K a lamp, and o 
a s(‘reen. I'he lamina 
AB was covcwe.d with 
a thin coating of 
bcfwwax, and when 
the tube (Um wm 
heattnl by the lamp, 
the wax melted 
rtmml the hole H, 

He found that the shape of the meltcHl area varital according to the 
direction in which it wm cut %vith referenet^ tu the crystallographic 
axes. The area wfwi circular in im>trt>j>ic Hubstanctw ami thertifore in 
cubic crystela, and also in crystals of otlmr f<»rm8 when the material 
was opticjdly symmetrical with regard to tlu^ normal to the lamiiia 
In other cases the area wm an ollipia or some form of oval If heat be 
supplied to a point in a crystal, the isothermic aurfimei enclosing the 
point are ellipsoids whose axes coincide with the axm c»f the crystal 
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149 . CONDUCTIVITY OF LIQIJIDS.^All liquids, except 
metals, nvi) bad (^ondiKitors of heat. Water may easily be boiled 
at the top of a tube while the bottom contains a mass of ice. It is 
not easy to eliminate convc'.ction currents in experiments on the 
conductivity of fluids. This fact, together with the difficulties 
introduced by the containing vessel and the smallness of the effect 
to be ol)S(n-vod, make many of tlie results so far attained of doubtful 
value. We proceed to indicate the methods that have been adopted. 

Despretz filled with water a tall wooden cylinder A (fig. 108), and 
arrange<l a number of thermometers horizontally with their bulbs on 
the axis of the cylitider and their 
stems outHi(i(‘„ Fitting itito the 
top of A was a c-opper cylinder u, 
which was l<ept. full of hot waten- 
that eiiU'.nul hy a tube (i and left 
by a tube i). 'Fhe apparattis was 
allowed to stand for ahotit thirty- 
six hours iti order that the station- 
ary condition might he attained, 
and it was then found that the 
cnu’ve of temperattiro given hy the 
thermometorH was tlu^ sanu^ as that 
given hy a metal Inu’ following 
the law of Fourier (Art. 140), viz. 
as the distaneuw from the source 
of heat increased in arithmetical 
progression the excoss of temperature decreased in geometric pro- 
gression. 

W(d)er’H latest arrangement was very similar to that of Despretz. 
The li(iuid was e.ontaintul in a vessel having glass aides and a copper 
base, and standing on a block of ice. In coabrnt with the top of 
the licpiid was a metal vessel containing li([uid paraffin, which wm 
maintaitmd at a definite temperature by an electric current passing 
round a (U)il of wire immersed in it. The amount of heat supplied 
was aseertained by the method of Art. 133. Two thermo-electric 
couples of constantan airid iron placed in the li(|uid one vertically 
under the other, at a disbince apart of 1 cm., measured the tempera- 
ture differemee l^atweeti the two faces of a layer of that thickness. 

BergeX has made some experiments hy the guard-ring method, 
employing a Biumen^s calorimeter to measure the quantity of heat 
transmitted. In the cfi.se of mercury the tube AB (%. 109) was 
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filled, and surrounded by a cylinder (U) also fill(‘d with tnereury, and 
standing on an iron plate that formed the t>n[) ot a ehamix'r in which 
the lower part of th(3 calorimeter was innn(*rs(Ml. 'hhis chamlau’ was 
filled with ice. 'I'ln’ uppt‘.r surface of the 
mercury was heaUMl by a current, of steam. 
Ab the mercury in tJn^ jacketing cylinder 
had the same t(nu|an-attu'(^ gradimit as that 
in the tube An, tluu’e was no lat(‘ral flow of 
heat, 'rhis gradi(mt was im^aKured by a 
Bcries of iron wirt‘s insert cal at various di'pths 
in the tube ah, whi(‘h madi' with the mor~ 
eury, thenuo eouplt*s. 'Phe ({uautity of heat 
trauHmitt<‘d down AU was known from the 
indications of tln‘ mercury in the tube K, 
which Hhovv(‘<l the quantity of iet*. melted. 

In soim^ valuable im^asuremtmtH made by 
Lees, tlu^ was etmtained in a thin 

cylindrical hollow cut fr<uua platiurf ebonite 
HR (fig. IIU), tin' liottom and top being 
cloHcd by c(jpper plates A an<l n. On Ii were 
plaeed sueceHsively a platt' of glass o of 
known conductivity, a plate (»f copper o, a i'oii of wirt^ X, and a 
plate of copper K. The heat was stipplied by a curremt (if cleetritn'ty 
passing round the coil X, and was mamrately known. Tln^ temper- 
atures of the three copper plates u, n, a werti dctmaaintsl by tliermo- 

couples iimertetl in them. 
'Phe wljiile pih( of plates was 
varnished, and the cmissivity 
of the surfiice being known, 
the aimmnt ((f heiU. hmt from 
the surfaen of each of the 
plates was known. The 
nmotint t»f bent leaving the 
l(»wer KurfHci' of u was the 
diflerenre betwemi the (|Uia)» 
tity giuieriited in 7, and the 
ipiantify radiiited from the 
surfaces D, a, li, e. Also, the quantity of heat tlnit rtmidied a was 
known from the quantity emitt^i by its si,irfiiri?. 

Two experimenti, one with the ht»Ilt*w eyliniler empty and one 
with it filled with liquid, gave the qiiatility H of Art. Mil, llm tern- 
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poraturcs of the two faces being given by the thermo-couples in 
B and A. Hence the conductivity of the liquid could be calculated. 

The values nuaaitly obtained for the conductivity of water range 
from *00131 to -00143, glycerine -00066 to -00068, methyl-alcohol 
•00048 to -00049, and mercury -0197 to *0201. 

150 . CONDUCTI VITY OF GASES.— The experimental diffi- 
culties in these inv(jstigati()ns are great, owing to the effects of con- 
vection curremts and of radiation. The method generally adopted is 
to observe the rate of (*.ooling of some hot body placed within the gas. 

Kundt and Warburg obscu-ved the rate of ct)oling of a ther- 
mometei- of approx iniattdy known h(‘at capacity in an enclosure of 
which the out(ir walls were k<q)t at O ' C. They found that when 
the gas in th('. enclosure was at any j)res 8 ure less than 150 mm. of 
mercury th(‘. th(u*niomet(;r always cooled at the same rate, and they 
concluded that at such low pressures the effecta of convection cur- 
renta W(u-e lu'gligibly small. Moreover, theoretical considerations 
indicat(^ that tlu^ c.ondiujtivity itself of a gas, within limits, does 
not vary with the pressure, and therefore the conductivity may 
fairly be measurcid at low pre^ssures. They then proceeded to ob- 
serve the rat (5 of (-ooling of the thermometer when the enclosure 
containing it was as perbntt a vacuum m could bo obtained (under 
which circumstance's it- cooled maitdy by radiation); and then admit- 
ting gas into tlui enclostire at low pressure, the rate of cooling was 
again ohserved. The differences hetweeti these observations gave 
the^ ejuantity of lu'.at conduc.tenl from the thermomeitor to the walls 
e)f the cnde)Hures hy the^ gas. The (‘aleulation is the same as that 
of Art. 140. 

They inaelo observations with various gases and at various (low) 
pressures. The heat capacity of their thormomotcr was not very 
acenrately known, but they femrul for air, k = *000048, and for 
hydrogen, k = -000341. 

Employing the same method, and toking inu) account the effect 
due to tlu 5 mercury vapour presemt from the manometer, Muller has 
obtained for air, k = *000056. MaxwolFs calculated value was 
-000055. 

Stefan used an air thermometer with a cylindrical reservoir, 
which he surrotmded with a large concentric cylinder, the gas to 
he experimented (m occupying the space between. The value 
obtained for the conductivity of air in G.G.K. measure was *000056. 

Recent determinations for air at — 150" C, gave the value k =« 
^0000215. 
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151. EXAMPLES. 

1 . If the conductivity of aiuuistoiu* h(‘ *0027 uiiitH, uud if thr under- 

ground tcinpcraturo in a HandatoiU' <liHtrict incrcuhcs 1' i). for 27 ui. dcMct'nt, cal- 
culate the heat hmt per hour by a wjuare kilometre of the earthn Hui’fact^ in that 
dintrict. 

Conductivity of sandHtoue ■ *0027 (I.G.S. unit, 'rhin nn^auH that if \V(! have 
a cubic centimetre of HandHtonc» with its <jppo.sit(* facen differing by 1" (J., then 
*0027 calorie pawn througli it ptu’ mieond. 


/, through 1 H«i. m. of area, 1 cm. thi<d{, lOOUO x *0027 enlorieH paw per Hecund. 
„ 1 „ „ 1 m. „ 27 % 1 00 „ ,, „ 

/) 1 f > O 1 » 1^(1 »» ,» ,1 

>j 1 j» o ‘^7 »* 'hi M M pt*r hour. 

„ 1 Bcp Km. „ 27 m. „ ;m x ’H)« 

dn«. JlO X 1 0** calorieH. 


2. An approximate meaHununent of the eondiu'tivity of e<‘rtain Hul>Mtan<u(H may 
be made by the method ilhmtrateil in the following exunjple; A nteady Htreaiu of 
water flowing at the ratti of 500 grm. pt'r miimtt* through a glann tulK» :i{) cm. long, 
1 cm. in external diamett^r, and 8 mm. in lM>rt\ tin? outnidt' of wliieh in Hurrounded 
by steam at 100“ 0., is raised in U*mjHirature from 20” (!. to 80“ C. im it passes 
through the tube. Find approx imaUdy tin? conductivity t»f the gliu-u^. 

In the forumla, 11 ^'A ^' ^ 

H 500(80 - 20) 5000 eahudeH. 

taking A tu\ the nn?au of tin? inner and outer Hurfaeen of tin? glass; 

A * 2r(*-15) X 80 27w wj. em.» 

taking the temperature dilferttnce at the nuddle of tlu* hmgth of |]nj tuht?; 
n - Ta 100 -- i(80 d- 20) 75“; 

I thickness of tlie ghuHs *l em. ; 

t . - 00. 

.% 5000 : k X 277r X 75 X 10 X 60. 


An accurate solution of the prol»lem <*Hn only he ohtaiin?d l>y matliemafcical 
methods too advaneetl for this Iswik. 

S. How many kilognumnes of water will Is? evaporated in 1 hour from an iroti 
boiler 1'6 cm. thick with an area of heating surface etpial to 460 wp ein., the 
outer surfaoti Imng kept at 180“ il ami the water at 100” (I? Tin? specific 
thermal conductivity of iron T75 tl.H.H. unit, and the lati^nt heat i>f steam at 
100" » 640. 

H ^ 

Here k a T75; A » 460; T| - n ^ HO; I t*6; i s® 8600; 

/. H s /a X *ftt X I X 80 X 8600 
16466000 oalories. 

To evajMiratet 1 kg. of watetr rrapiiniH 540000 imloriiM. 

Therefore maw evaimratesl ts ' 28*6 kg* 
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QUESTTONS AND EXUOCTSES 

1. Whim V(iry Hhort i‘.ylin<U;rH of hiad and cojukt an* pliictid with oiui end of each 

in contact, with a hot body it is found that the other end of the lead cylinder 
gets hot Hooinwt, whereas with longer cylinders of the same metals the reverse 
appciars to bt* the cuiHij. Explain the reason of this. 

2. liow may tint eondm^tivity of a substance for heat be measured {a) for a metal, 

{h) for a poor conductor? 

3. What (*.xj)tu'inuints are necessary to determine the relation between the thermal 

c.onductivity of a body and its tempcratun! ? 

4. Wat(;r kept at 15 " CJ. is separatKl from ice by a plate of iron 1 cm. thick and 

100 S({. cm. in art'a. If 11840 gnn. of ice are melted in 1 hour, what is the 
tluu'mal (umductivity of llui iron? [Latent heat of water 80 units.] 

5. How may tlui tluirnial conductivity of a gas lx* ascertained? 

6. An iron bt>il('.r containing watiT at 100" (1 is 3 cm. thick, jind keeps a room in 

which it Is phu^'d at a tcmp(auture of 30" C. If the conductivity of iron is 
1*20 unit p(',r hour, hud how much heat is given olF per hour from a s(piare 
(uuitinud.rc. of the surfactu 

7. How many gramme d<^grts*H of hiuit will he conducted in a second through an 

iron l>ar 4 sq. cm. in section, and 2 cm. long, one end btang kept at lyS'^ 0. 
and tlm other at UJO" O., tins lucan conductivity of iron being *12? [Units: 
gramme, ctaitinictrc, second, degree (/".] 

8. Boiling wnttu* is k(q>t in contact with a Imuss plate 1 cm. thick and 100 aq. cm. 

in area; otlun* sithi of the plate is in contact with melting ice and it ia 
fo\md that (M*02 kg. of ice are nudted in 24 min. Eind the specific thermal 
conductivity of brans in (J.d.B. units. [L HO.J 

9. Com}»urc the <juantitiuH of b{*at wbicb piisa through two plates of the same 

material from the following data: — 



Htuc. 

Area. 

j I'cmpcrature 
Thicknefiis. ! Dfircrcnce 

1 of KaccB. 

I'lnto A 

1 hour. 

20 wp ft. 

1 2 in. 

r* 0. 

Plsiti. 11 

15 min. 

H s((. ft. 

*5 in. ! 

i 

20" 0. 


10. Tht! bottom of an iron miuH?pan has an area of 150 hcj, cm. and a thickneas of 
'3 tun. Hupponing it t(» stand on a hot plate nmintahied at a temperature of 
150" (1. whihi the mucepan oontahiH wattsr at 100®, find how much water 
would Im 3 evaporated per minute. [Thermal conductivity of iron, ‘16.] 
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(TITAITEH. XV 

THEH.M(M‘in<:MIS1'HY 

152. HEAT OF COMBINATION. Tha ordinary mjtluKl of 
producing heat is by chemical combination. WTnm suljstances 
chemically combine— e.g. hydrogen arid oxygtm t.o form water- 
heat is evolved, and when water is deeomjyosc'd into its eonstitnont 
gases energy is absorbed. If the dire(*t atul invtn'st* procc^ss take 
place under the same external conditions ^hc^so two ((uuntitieK of 

(*iu*rgy art^ {Hpial. 

\V(* shall coidimt our 
attention to a bnv (d' the 
more* simple and common 
of such combinations. 

Tl\e heat of combination 
of a Hulmtanve A with unothtr 
mihaiatur in (he quantity of 
hmt oval ml when unit mans 
if A nmiiyinrs rlu'ndmlly with 
tlit' nmmd nuhniunce, Tlio 
<puud.ity of the seeotid mib- 
Htatiee that (mters into the 
<’ompound is d(‘termiru‘d by 
tht* nature of the compound 
fornu^l. In all noMiHure- 
numts of the lu^at of com- 
binatitm, known weights of 
I lie sub8tan(*e art^ caused 
to eombim^ in a <*alorinu‘ter, 
and the heat prcHluced is 
measurcHl hy the ri«<‘ of tem- 
perature f)f the Kurronnd- 
ing litfuid, whicli i« gener- 
idly wafftr tir im'reury. 
\i53. EXFKUII^IENTS 
OF FAVEE AND Sllr 
BKRMANN.^^- Theie in- 
veiiigaU>!*« made numerous 
and accurate observations on the hmt prcKlueetl when tliffiirent sub- 
stances were burned in oxygen. Their calorimeter is shown in fig. 1 i L 
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The siibstanccR wore burned in the chamber A, which was made of 
copper and wholly immersed in the water of the calorimeter M. 
The ealorim(‘.t(‘.r was surrounded by a water jacket, and the space 
bcitween thes(5 va^sst^ls was filled with swans’ down. 

The vessel A was kept full of oxygon by means of the tube cc', 
which comnnuiieated with a large reservoir of that gas. When the 
substance buriuHl was a gas it passed into the calorimeter in a steady 
stj'eani throtigh tlui tul)e nn'. When the substance was solid or 
Ihpiid this tub(‘. was utilized for the purpose of directing a jet of 
oxygen upon tlu^ burning mass. Liquids were Inirned in a lamp 
with an aslx^stos wick. 

I’he prodiKits of th(‘ (•oni])Ustion were cooled in passing through 
the coil II, after which they either condensed in the reservoir 0 or 
passed into the air through the tuho (L 

A tul)(^ K cloH(ul by a glass window enabled tlu^ process to be 
wat(*hed in order that the eombustion might be regulated. 

''riu^ t(uuperature of the calorimeter was carefully coi’rected for 
radiation aiu’.ording to Newton’s law of cooling. 

By the same method Eavre and Silbermann also measured the 
heat di‘.V(‘lop(‘(l wlum various substances were burned in chlorine. 

3:54. ANDREWS’ KXPERIhlENTS.-^^Th apparatus used by 
Andixuvs to determine tlu^ heat evolved in the combination of two 


gases is shown in fig. 112. The gases were \ 

introduced into a \eHfiel a, which was made of \ \ 

thin slieet copper and placed inside a larger 

vessel containing water. The calorimeter thus 

formed was placed in a cylinder mounted on a 

horizontal axis, and wdien by rotation of the 

apparatus the gases and water had been caused 

to take up a (common temperature this tem- 

perature was carefully read on a delicate ther- |j||| hf[|M 

mometer I'hrougli tins vessel a passed a fine ||i||||||H 

platinum wirts and the gases were (muaecl to 

explode hy heating this wire to a white heat by j^ig. 112 

means of an electric enuTont. The apparatus 

was then again rotated for several seconds to agitata the water, and 

its temperature was again remd. 

155. The heat developed in chemical combinatiotm which do not 
protluce combustion was meaatired by Favra and Bilbermann by 
means of the apparatus shown in fig. 113 . An iron reservoir K, 
filled with mercury, contained at its centre a chamber in which the 



chemical action took place. heat prodticcul canB(Ml tlus niemuy 
to expand along a eoTnTnnniea,ling tnlx*. li\ and the (jiiantit-y of heat 
was calculated from th(‘, amount of thin twpansion. 'Flu' materials 
were introduced into the calorimeter it through a lul»(‘ m, the solid 
substance being first intrcnluced, and tlu* li<}uid KidwtHpumtly by 
inverting the bent tube B. A plungcu* turm‘.d by tlu^ liamlle m 
served at the beginning of every ex}>erimen{ t.o set tlu‘. mercury 
at the 55ero point 0 in the tid)e. r(‘lHti<in b(‘t.vveen the expan- 

sion of the merenry in it- and the heat devtdopt^<l in u Wiw indepen- 
dently determined by placing in u a kntnvn weight of water and 



observing the advance along U for the kimwn timnlier c»f eidoriei 
thus communicated. The calorimeter wan «urnmndcd by wool to 
prevent loss of heat by radiation. 

The results obtfiinad for a few iubstarinm arc given in the taldo 
on page 415. 

156 . The ealorifle value of fuel m cletcrtiiincd by burning a 
small mass and pawing the gaseous prwlnctii «imbn«tic»n through 
water, the heating of which measures the qtmntity of heat evolved. 

Pig. 114 shows a moclifitid form c»f the l‘fioiii«iin mltirimctcr. 
The combustion taktii plitce inside the vcimil .a, which «land« in a 
known mass of water contains! in 11 larger voiiiil a When in 
action the vessel a is cloiod at top and liotti.itii, 'rho fuel contained 
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in a cniciblo inside A is ignited by an electric current passing through 
a wire, and tlic combustion is maintained by a stream of oxygen 
passed into a. 'The necessary accessories are shown at b. The 
heated gases pass out thrmxgh a valve at the bottom of A and bubble 
up through the water in o, the rise of temperature of the water 
being measunul l)y a delicate theimomoter i). To check radiation 
the caloritnotor c is placed inside a metal vessel K, which stands in 
a box of wood F. It is necessary that the water-ecpuvalent of the 


i 



Fite. 114 


apparatus should bo known and added to the actual mass of water 
used. 

157. Tlu^ temperature attained during c(>ml)Ustion varies with 
the materials and the velocity of the chemical change. Ignition tern™ 
perattira is tlie temperature to which a body must be raised in order 
that combustion may begin. Flames are gases that are heated suffi- 
ciently to Income self-luminous, but some flames that are very hot 
give little light owing to the lack of solid particles in the flame. If 
a flame be cooled by any means below the temperature at which 
rapid chemical action takes place, the flame is extinguished. 
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Attempts have been made to niimilat(‘. tlu' t<nupcn*at.urc of flame 
by finding the ((iiantity of h(’at dcv(‘Io|Mul and <lividing it by the 
heat capacity of the prod uctH. d'huK I lb. of carbon in burning gives 
out 8000 units (pounddegrces) of hi‘.at. If burned in air tlu' gaseous 
products weigh about rj'b lb. Taking the Hpt'cdic heat of these 
products as *24, the nurnlxu- of heat uints ret|uir(ul to raise them 
through T’ G. = 12-0 X ‘24 ^ d, whetua*^ the teinperature reached 
— 8000 4- 3 = 2()()(>' G. Objections to the nu^tliod are obvious, 
and such results an', not to be relied on. 

158 . KXAMrLKS. 

1 . Jlow many pomuln <»f wuUt nmld Im' I’Vitroraicd hy thr In^at dt'Vtdoptid by 
the combiiHtion nf 1 lb. <»f hydroj^cn in oxyj^i'n ? 

Tluj coinbuatum of 1 lb. nf bydr«>^i'n in <»xy|j:t'n pnMlui'cH JHOOO iHnimbdcgi'tioa 
of h(‘at. 

The evaporation of 1 lb. (d water almta'lm f>Ii7 jHiimd (Jegrren, 

, . Maas <*vaiM>rate<l Cd’d lb, 

2. How many gram incH of oarlam tiumt In* conijiletcly bunjod Ut produce heat 
enough to convert 10 gnu. of iet' at ti* (1. inn» Hfc«nuit at lUCr (*, f 

flleat of eombuHtion of (sirlam 80HH unite; latent heat td water 711 and of 
steani 530; s|>oeif}c heat of itui *5.) 

To warm 10 gnu. of ice fnan 5’ (t to 0"' (I al»rt«»rlm 25 calorieM, 

To molt 10 „ „ atO’ „ 71H) „ 

To warm 10 „ water fr<«n 0" ( ’. t<> lOCr t t „ 1000 „ 

To evaporate 10 „ „ at 100** fdOK) 

/, ToOd heat nsjuired - 7175 »» 

CarlKm rotpured ^ ‘»«7 grnn 

fiuKn 

QUHSTIONH AND KXHIKdHKH 

L The heat of eornbuHtion of y.inc in oxygen m hiu« 1 to Im I. *100. Kxplatn what 
thin Htatenumt means, and dem*rilHi tlie apparatn?» lunl ex|»eriment« I»y whieh 
it may lie vt*rificd, 

2, How would you find oxisininentally the ndative i|nnntUtea of heat given off 
when tKpml weighte of aulphur. phoaphorns, and carlMUi are tlmrmighly 
bunuKl ? 

8. Why do the inhabitants of ts:dd elimatea eat fat ? 

4. How much chamml tnu«t \m bumial |n»r hour iniiid*^ a culm to mfiintain the 
temperaturtj of the inaide 20" hotter than the oiiiimie. if the eitgi^ of the culie 
bo 5 m,, the thieknew of the walla 10 iuin, tunl tlte conductivity *4 the 
material *0056 C.H.H, unit? 

6. How much ioo at 0** C. would Im etiiivtiriod ititi» atearn at ItJCI” t*. by the com- 
bustion of I grm. of hydrogen f 

6, How much iron muit l»e buro«i to imKiuoo Mifticieiit htmt to w‘iirm a ton of 
iron from 16“ 0. Ut 25" a I 
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CirAPTER XVI 

RADIATION 

159 . NATURE OF RADIATION.-^-Tho modes by which heat 
may pass from one body to another have been distinguished in 
Chap. I. Ordinary material substances are concerned in the pro- 
cesst^a of convection and conduction; but in radiation the passage 
takes place by meatis of the ether. A mass of evidence, which 
appears mainly in the theory of light and electricity, suggests the 
existence of this universal medium, which fills all “empty” space, 
whethm' between stellar systems or between molecules. It is a 
unique substatice, apparently possessing properties not usually com' 
bined in the substatices we know. For example, astronomy postu 
lates its possession of the properties of a perfect fluid, while the 
facts of physics seem to show that it possesses the properties of an 
elastic solid, having a considerable density, but is apparently not 
subject to the law of gravitation. 

All processes such as gravitation and radiation, which used to be 
vaguely described as “action at a distance”, are now considered to 
bo duo to eontinuoua forces acting through the other. 

The procums of radiation is supposed to bo something of the fol- 
lowing nature, 'rhe particles of a hot body are in a state of rapid 
vibration; these vibrations communicate thomaelves to the other 
which surrounds them; undulations are thus formed in the other 
which travel out in all directions, ami when impinging on matter 
set in rhythmical ^notion those particles whoso natural rate of vil)ra- 
tion is of the same frtM|Uoncy as the undulations which fall on them. 
The process is smiu^thing like that which takes place when we give 
a jerk to one end of a heavy cord, causing a wave to run along the 
cord, which results in a jerk at the other end, the motion of the 
parts of the medium biung at right angles to the direction of propa- 
gation of the wave. 

A hot bo<ly, such m the sun or a flame, emits undulations of various 
wave hmgths. The radiation from a cooler body, such as a vessel of 
hot water, coijsiits chiefly of the longer wave lengths, the energy 
of the shorter waves emitted by the hotter body being negligible. 
Hence experimental differences are found depending for their explana- 
tion on the temperature of the source of radiation employed (Art. 172), 

In order to explain certain phenomena in light, e.g. refraction, 
Fresnel considered that the properties of ether were modified by its 
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entaiiglcnuuit aniong the purtieien of onliiiury matter, that it w 
denser when thus entangled or “hound”, than whtm fnm” in spac 
and was thus modified more or less in its eapacity for eai'iying ii 
dulations. lienee diHerent hodit's heha\e in dilhnvnt ways vvi 
regard to the transmission (»f radiation. 

The consideration of radiation gtmerally is usually given 
hooks on Light or on Radiant Energy. It is a wry larger Mibje< 
of which we can only give a small ptu’tion eonneetcul more close 
with Heat proper. Radiant tniergy proetauiing from a body 
generally called radiation, and not radiant heat, iHS'nuHO during t 
time of its existence iu space it is not in the form of heat, as 
exists iu ordinary matter. 

i6o. RADIOME'l'ERS. • For the <puintitative investigation 
radiatioti various means are tnuployed. 

Crookes* radiometer cimHistH id a vacuo 
chamber in tLe fortu of a pt*ar sliapeil gh 
hull), within which is chdieately suspended 
system of ViUlieal vatii^s. 1'he disks of t 
vanes are !na<le of pith tu’ i»f altiminitun, coat 
with lumphlack on tme Hiil<\ and are fixed 
the ends of two arms (tig. I lf») at right angl 
to each other in such a manni*r that, as tit 
rotate, the IdaekinnHl sidi's all face the sat 
way. 'I'he arms, itta<li^ of thin glass or sot 
light material, are fixe<l ti) a eentn) piece b 
pith, which is sttpportetl on a vt*ry fine neeci 
point resting in a glass cup r at the top of t 
glass ttthe a. 

Whett this insirumimt is exptmed to 
Hotiree of radiation, the vaiu^s revolve with 
speed which iniUtmies the intetwity id k 
incident radiatii»tt. 

The origin of th«^ motion is the impact 
Wg. 116 the gaseous particles (Art, 224) «»n the si 

faces of the vanes. latmphlaek being a mn 
more powerful absorbent than metal or pith, tlii^ former surface I 
comes a little warmer than the lattnr. 11ie partteles that impiri 
on the lampltlaek surface there receive im afldititma! t|Uftritity 
energy of motion, and rebound with a grimier velocity than the 
which impinge on the metallic lurffice. Tim grimtnr iinergy td t 
rebound produces a resultant premure on the lainiiblack »ttrkce, m 
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therefore causes it to start moving in the opposite direction to the 
normal component of the motion of the molecules. 

After a short period, however, when the rebounding molecules 
of the gas have shared their energy with the adjacent molecules, 
this cause ceases to operate over the central portion of the vane, 
but continues to do so round the edges sufficiently to maintain the 
motion, l^y placing a (pxantity of cold powdered charcoal in com- 
munication with the chamber of the radiometer, Dewar has succeeded 
in making the vacuum so perfect that the vanes no longer rotate. 

For some of his experiments on radiation, Nichols modified thp 
instrument so as to convert it into a measuring instrument. There 
were two vanes suspended by a delicate cpiartz fibre. One vane was 
screened from the radiation which fell on the other, and the torsion 
of the suspending fibre caused a definite detloctiou to take the place 
of rotation. I'lie angle of deflection was shown ))y a mirror attached 
to the suspended system as in the mirror galvanometer. This form 
of the instrument is very sensitive, and allows comparative measure- 
ments to be made. 

The Linear Thermopile. The (extreme sensitiveness of some 

modern galvanometers renders it prac.ticable to work with a thermo- 
pile having V(ny few pairs, or even only one pair, of bai’s. The linear 
ihermoplk is sometimes used in the examination of the spectrum. 
The cotiphm are made of fine wire, iron and constantan being often 
used. Th(i wires are wound on a small frame, every alternate junction 
lying on a vertical line, and the frame is placed in a cylinder which 
his a small vertical slit in it through which radiation passes to the 
line of junctions. 

Boy’s Radio-miorometer (fig. 116 ) is a combination of a thermo, 
couple and a delicate galvanometer. The bar of bismuth and the 
bar of antimoiiy are joined at their lower extremities to a thin 
copper disk d and at tluur tipper extremities to a single loop of fine 
bare copper wins r, ilm whole thus forming an electric circuit. The 
loop of copper wire is supported by a thin glass tube r;, and this in 
turn by a fine cpiartz fibre r/. The glass tuba carries the galvano- 
meter mirror ni. All these arrangements are suspended within a 
brMs tul>e (shown shaded), which throughout th(^ length of the coil 
of eopjier wire is between the poles of a powerful permanent magnet 
NH, and the bismuth«antimony couple is surrounded by a mass of 
soft iron a A. The radiation enters through the tulie B, falls on the 
disk d, ami thus warms the lower junctio!i of the thermo-couple and 
causes an electric current to flow round the coil c (Art. 135), which 
(om) 15 
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being in a strong magnetic field and only lightly controlled by the 
quartz suspension, is easily deflected. The deflection is shown by a 

beam of light reflected from 
the mirror ?//. The instru- 
ment is <|uick in action, very 
delicate, and has a constant 
zero dvu* to the perfect elas- 
ticity of the (piartz fibre sus- 
pension. 

The Bolometer. -One of 
the most semsitive instruments 
in use for the measurement of 
thermal radiation is the bolo- 
meter, invenUul hy Langley 
when making his researches 
on KLmnt Whitney in Ame- 
rica. It consistH essentially 
of a mvlm of thin strips of 
steel, platinum, or palladium 
about I <*m. long, h^ss than 
1 mm, wid(S and ..Jo 
Ui&ti ^*^0 arranged as 

in fig. H7 ho as to form a 
continuous flat win^. 

d'wo such exactly 
similar wires Lumi 
the adjacciit arms 
of a heats tone’s 

bridge connected 
witli a strong Imt- 
rig. no tery and a delic'ate Kig. in 

galvanomeUu'. The 

oloctrical resistance of the bolometer wirc^ is ve.ry high owing to 
the smallness of its section, while its large surface and small thick- 
ness render it very susceptible to change of temperature. 

When, therefore, one bolometer wire is cxpcffle<l to mmm souree 
of radiation from which the other is shieldetl, the expiwtul wire be- 
comes warmer, its electrical resisUuiee increases (Art. LI4), and the 
disturbance of the balance of the Wheatstone’s fnmlgt* is indicated by 
a deflection of the galvanometer. 

The instrument is sufficiently sensitive to allow of the measure- 
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mont of ’0001® C., nnd the action is more prompt than that of the 
thermopile. Hence it is nmch used in investigations of the thermal 
spectrum. 

i6i, EADIANT HEAT AND LIGHT COMPARED.— 

Radiation through a Vacuum. — Heat and light are received 
simultaneously from the sun, and when the light is cut off at the 
time of an eclipse, the heat supply also ceases. Thus thermal radia- 
tion is transmitted through vacuous space at the same speed as 
light radiation. 

That thermal radiation which is unaccompanied 
by light radiation may also pass through a vacuum 
is shown by the following experiment devised by 
Itumford. The closed end of a ]>arometer tube 
was expanded into a sphere (fig. llt^), at the centre 
of which was placed the bulb of a thermometer. 
The barometer tube was then filled with mercury, 
aTid a vac.uum produced at the top as with an 
ordinary barometer. On allowing thermal radia 
tiou to fall on the sphere the thermomotor showed 
a rise of temperature, just as in the case whew 
the Hpheni was filled with air. Thus thermal 
radiation does not need the presence of air or 
other ponderable medium for its transmissiou. 

Radiation travels in Straight Lines.— If a 
radiometer bo exposed to a source that is omitting 
both thermal ami light radiation, it is found that 
wlnm the light radiation is stopped by a series of 
screens the radiometer is also unaffected ; if the 
FIr. iiB Bcrtums bo pierced so that light passes through 
them, a radiometer in the path of the my shows 
a dofioction. And the radiometer gives the same kind of indica- 
tion whcui the source of radiation is hot Imt dark. Thus thermal 
radiation, like light radiation, travels in a straight lino from the 
source; wc^ have thermal shadows precisely like light shadows; and 
we may spt^ak of and treat of rays and pencils and beams of thermal 
radiation In the same manner as geometrical optics treats of light. 

Law of Inverse Sc^nares.— The important law that the iiitensity 
of the radiation proceeding from any given source varies inversely 
as the stptare of the distimee from the source, may bo experimentally 
proved by means of the apparatus shown in fig. IH). 

The source of radiation is a vessel containing hot water, having 
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one of ifcs faces AB plane and coated with lntn{>l>hu*k. A thermopile 
(Art. 136), shielded from lateral eflects hy u cone fitted oti to one 
face, is placed at various distamais h and s' from the radiating 
surface, and the indications of the galvanomeUu' are found to bo 
constant whatever the size of the circular arc^a AU from which the 
radiation proceeds. The area of this circli'. is proportit>nal to the 
square of the distance bctwecui it and the tluu'mo-pile. The intensity 
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of the radiation received by the thermo pile frtvm any definiUi area is 
therefore inversely as the miuan^ of that diHiiimu^. 

Befleotion.— Idle fact that thm’inal radiations undcugo regular 
reflection under proper conditions may be pnived by the following 
exporimentB. 

If a concave mirror he placed with its axis directed towards the 
sun, a thermometer placed at its focus at <mee iudicati's a rise of tem- 
perature. Metals have been melte<i in this way. 

If two parabolic mirrors be placed mnne distance apart, with 
their concave Burfaces facing eimh other and their axtm m the name 
straight line, and a hot Ixsly be placed in the focus of mie mirror, 
the radiations from this sourcte after reflection from tlie mirror com 
verge to the focus of the second mirror ami raise the temperature 
of a substance placed there (flg, 120). If the source of heat be 
luminous, an image both luminous and hot is obt4yneil in the focus 
of the second mirror. The thermal ami lurninouii riwliations have 
followed the same paths. If the source of lu^iit lie a «tiirk vessel 
containing a hot liquid, a thermometer in the othtu* focus 

shows a rise of temperature. Thua thermal radiation falling on 
polished surfaces is reflected according t4i the kwi of reflection of 
light The laws are:— 
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(1) Tlio incidetit and reflected rays are in the same plane. 

(2) The angle of reflection is equal to the angle of incidence 
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Polarization. It has long been known that light radiation 
which has bacni transmitted through a plate of tourmaline is 
quenched by a similar plate of tourmaline placed in the path of the 
rays in a (‘ertain position, and is transmitted by the second plate 
when plnc.e(l in another position. The explanation of this pheno- 
menon is m follows. The ether vibrations which are incident on the 
first plate tak(^ place in all planes that pass through the line of pro- 
pagation of the wave, while the plate transmits only those vibrations 
which art^ taking place in one plane, quenching all the rest. Light 
radiation of which the vibrations are taking place in one plane only, 
is said to be polarized. When the light that has been polarized by 
its passage through the first plate falls on the second plate, it is 
either quenched or tratismitted according to the relation which the 
plane of vibration of the light bears to the optic axis of the crystal. 

Light rfuliation may be polarized in various ways, such as by 
reflection from blackanml glass or from a pile of thin plates of 
various materials. 

If a radiometer or one of the more delicate instruments for 



214 


HEAT 


detecting thermal radiation replace the eye in thoHC experimonte, it 
shows that the thermal radiations are transmittiul or (inerudied in 
precisely the same way as the light radiation, not ordy when the 
source of radiation is emitting both light and tluumial radiations 
simultaneously, but also when the source is at siudi a temp(u*ature as 
to emit thermal radiations only. 

Heat radiation is tlins shown to he capable^ of polarisation in 
precisely the same way and by the samt'. nutans as is light radia- 
tion. 

The refraction of thermal radiations is d(*alt with in Art. 17G. 

162. In the succeeding articles we shall givc^ a sktsteh of the 
earlier work oti the hehaviour of bodies with rc'gard (.0 tluninal 
radiation, and for these pnr})os(m tlu^ snhjh'ct. may he thus 
divided. 

A. Kadiation proceeditig from a givcm stihstaiua^. I'his process 
is called emission. 

B. Radiation incident u|)on a given sulmtam^c^. 

When radiation is ineidetit up(m aity given substance, the 
radiation cither enters tin* suh.stance or is refhn’ted from the 
surface. 

If it is ndlectod, tlu^ n^lli'ction may he (ntluu' n^gular or irrt‘gular. 
Regular reflection, or simply reflection, is tho vuhv. whmi the', radia- 
tion proceeds in tlu^ same manner as th<^ ndlcetion of light from a 
mirror, the reflected pencil taking a definin* direction. Irregular 
reflection or diffusion occnirs wluui the rmliation is reflec’.Uul in all 
directions, m tln^ light is from this page.. 

If the radiatioti (iiters tlu'. sidmtancts it may or may not pass 
through it. That which paHses through is snitl to tuuhu’go trans- 
mission; that which (mta^rs the sulmUncc^ but ilocH rmt pass through 
it, is said to undergf) absorption. 

Thus 


Incident Radiation 


'tutlu'r t*nt.oni a | and thrtm|,di 

Htdmtanei’ \ or i»» 

or tnulrrgooH / r»’^titlarly 
, roHoetioji \ f»r irroi^ntlivrly 


UViinf^iniwion. 

AlMor|itioii, 

Hidloriioo. 

lUtflinioJI. 


When a body transmits ihermnl rmliation, its temptuiiiure is of 
course tmafiectad by tliat which it traiwmitH; it» temperature is 
raised only by that which it idmorlm. 

The rtdatiem between the cpiantitiea of radintion that are 
transmitted, absorbed, reflected, or tlifliwed, may be ihuH shown. 
Suppose unit quantitv of radiant energv to fall ufam a Huhstance 
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1 11 
of which a certain fraction - is transmitted, ~ is absorbed, - re- 


flected, and A dilTnsecL then 
a 


i + 1 + 1 + 1 

n a r a 


1 . 


These fractions are ros|)cctivcly the measures of the transmitting, 
absorbing, reflecting, and diirusivo powers of the substance. 

If, as is the case at least approximately with many substances, 

1=0, that is, the substance does not transmit some particular 

kind of radiation, then the sum of the three remaining fractions 
ecpials tinity. 

163. THKORY OF KXCHAN(n«.---If wo have a mass of 
white-hot platitmm, and a vessel containing water at 100°, wo know 
that each source is emitting radiation in all directions, so that radia- 
tion from (^ach must fall upon tlio other if there is no obstacle between 
them. 

If the hand bo ludd in front of one face of a thermopile, the 
galvatmmcter is at otico deflected, and if the hand 1)0 replaced by 
a hunp of ice, a deflection is obtained in the opposite direction, 
showing an apparent radiation of cold. 

Siudi facts BUgg(istc(l to Prevost the idea that radiation is taking 
place from all Ixxlicm whattwer their temperature may bo, and that 
ov(ny body is c.ontinually emitting and receiving radiations from 
others. No bodiew ni’c absolut(dy devoid of heat, and their molecules 
art^ always in motion. They are eontinuously producing undulations 
iiii the etluu*, i.c. (uuitting radiation, and also taking up the suitable 
undulations that fall on tluun, i.e. absorbing radiation, thus exchang- 
ing radiation with all bodies near them whether hot or cold. 

164. PIMISSION.-- The tot4il loss of heat from any given hot 
body depends upon stnumil circumstances. It, of course, varies 
with the time considered; and when it takes place in vamo, the rate 
is found alst) to depend upon tlm nature, form, extent, and condition 
of the surface, upoii the mass of the radiating body, and upon the 
temperature of the body itself and of surrouruling bodies. 

When coolirjg taktm place in any gfts, the rate is further aflected 
by the conductivity of the gas and by the convection currants 
formed, so that we are not dealing with radiation only. 

165. NATIIEE 0 ¥ THK SURFACK.-^The nature of the sur- 
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Tho earlioBt compHriHcniH of tho Itmn ttf hcmt of fliUVnutt stib- 
stances under the wime rimditi<nm were niarlo hy Ltmlie. He took 
a hollow cube (d thin ineta! cuntiunin^ hot wider, and having each 
of its sides covered witli different niateriah ^^nd filucaHl it before 
a concave mirror, at tim, foctm of wlucli \\m u diU’erentiid ther- 
mometer. Althotigh the fiwtm of the mtlie were all at tlm same 
temperature, the rise of teinjMirature regisrered by the thermometer 
varied according to tlm nature of tlio iiiattuuid on that faeii d the 
cube from which it Wfi^ himt^id. 

More exact meftiuramants were afterwards iitfide by Mellrmi, l)y 
means of tho apparatui shown in tig. 1 21. A Liislip's culm, having 
its faces coated with diffenint MuiwUiriceH, was filled with water main- 
tained at boiling-p(jint by ii lamp, and the radiatioii friitn the different 
faces was succegsivaly recoivfid on one face of ii tlierinojulti atteched 
to a galvanometer. The current rtieonled liy this giilviim-imtiter was 
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proportional to the boat absorbed by the thermopile, i.e. to the heat 
radiated from the face of the cube, which was determined by the 
emissive power of the substance with which it was coated. 

A i)iorc,cd screen served to limit the area from which heat rays 
passed to the thermopile, and another movable screen to commence 
and terminate the experiment. 

I)e la ProvoBtaye and Desains found that the pierced screen 
used by Melloni reflected rays back to the cube, from whence they 
wore again rcjfhictod so as to roach the thermopile. They therefore 
blackened this a(‘,reen on the side of the cube, and polished it on 
the side of the pik^, and interposed a second similar screen to pre- 
vent radiation to the pile from the first screen. By this means they 
eliminated the cirrors which vitiated Melloni's results for metals. 

By UHing Htireetiia pierced with apertures of different sizes, the 
apparatus could l)e made more or loss sensitive in a known ratio at 
pleasure. 

In th(^ final results it was found that lampblack has the highest, 
and polished metols have the lowest emissive power. 


Taiilk or CoMPAUATivK Kmibhivk rOWKUa 


(MillUml.) 


Lampblack 


... 100 

White l<*iwl 

... 

... 100 

Paper 

... 

... 98 

( } hlHH 

... 

... 90 

Indiau iuk 


... 85 

Hhyllao ... 


... 72 


(I>o la Provostaye and Besains.) 


Platinum (polifthod) ... 9*5 

Oopp<T foil ... ... 4*0 

Gold Itsaf ... ... ... 4*3 

Bilver 2*2 to 6*4 


(according to state of polish). 


The above measurementB are comparative. Few data arc available 
as to the alisolute emissive power of auliatances. 

i66. ddui amissivity, emissive power, or coefficient of emission 
of a body, is the (piantity of heat radiated per second from unit 
area of surfa(^o per degree of difference between the temperature 
of the substamu^ and that of the enclosure. 

M*Farlano, in Ins determinations, hung a small blackened copper 
ephore inside a calorimeter the inside of which was also blackened, 
and whifJi Inul donblo walla, the interspace being filled with water. 
The sphere was first heated in a flame and then hung in position. 
One junction of a thermo couple was embedded at the centre of the 
sphere and the other fixed to the outside of the calorimeter. The 
deflections of the galvanometer included in the circuit were read at 
suitoble intervals during the cooling of the sphere. The thermo- 
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couple having been slandardizcul, the teinjxn’aiure of the sphere at 
any moment was knowti from these defleetiouH. 

He also made a sot of olmervatioim wlien ( lu^ sm'fntHw were bright. 
The following values of the emissivity were obtained: 


SurfiUH*. 

Tciuji of 
Kticlohdn*. 

'U’inpcriituic 1 
OiflVrcmc 

<’ni‘mcicnt. 

PoUhIukI copper 

11 (’. 


•OeoiHH 

M »» ** * 

M 

\'Ai 


Blackened (topper 

1 1' 

f » * 

'0(UI2f»2 

>1 11 

M' 

CiO' 

i 

•ocKcejs 


The presence of air largely aHertH th<^ n*HultH. Art. IfiO. 

In some experiments by liott.omlt\y a platinum wire*, was Btretched 
inside a blackened copper tube*, tlie wire being maintained at a steady 
temperature by passing an elt'etrie (’urrent through it, the heat 
omitted from the mirfaec^ of the win^ being iH|uivalent t(» tln^ <d(*etrieal 
energy supplied (Art. Kb1). 1'he pressure of the air irt tlu^ tube was 
varied irulillerent experiments, aiul it was foumi that Imluw a eerkin 
pressure further rednetiem did not nn'ec't the resultH. 

The values obtained by him for the mnissivity of the platinum 
wore: 

At4()K () ‘{KHTII 

At 505 ■ (j 

In another series of (‘xperiments at low tetnperaiureH the same in- 
vestigator employed a (' 0 [)per globt' inside a hollow eopp<u’ sphere, 
the space between them Iwing exhausteil. He obtained valm^s from 
’000090 to *000050 witfi diOerent tem|Hiratnres and exeess tempera- 
tures. 

The emissivity dcHU'eases with the tem|MU*ature. I )e In Frovostayo 
and Deaains, by means of an eleetri** tmnxmt, beatcxl plat imun plates 
which were coated oti the two mdes by f.wo didereni substiuiees. A 
thormopila was placed op[Hisite each face. Hiflerent tem|KU‘aittres 
were obtained by using weaker or stronger currents. A« the tem- 
perature was raised both thermopilen prislm-ed n gn^nter deflection 
in their attached galvanometers, but the tlefleetiiins ilid not increase 
in the siime ratio. Hence each Hubstattce hm a speriid rait^ of varia« 
tion of the emissivity with the teiiijHnmture, i.e. they react diflerentiy 
to waves of different brngtlm, 

i6j. TEMFKIiATlHiK, Lawi of Cooliaf. Hiii nitii at which 
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heat leaves a body also (lepoiids upon its excess of temperature above 
its surroundings. The relation between this rate and the tempera- 
ture of the l)ody has been the subject of much investigation. As 
a first approximation NewMs Law of Cooling is used in elementary 
work. The st\ident can easily verify this law. If a mercury ther- 
mometer with a large })ulb be warmed to a temperature 20° C. or 
30“ G. al)ove tlie temperacuro of the air, suspended in a position free 
from draughts and observed at convenient equal intervals of time, 
e.g. every minute, it will bo found that the rate of cooling is rapid 
at first and gradually diminishes as the temperature of the thermo- 
mottn- approa(‘.hes that of the room. It is obvious that in such an 
experiment we are not dealing with radiation only, but with the 
total h(‘-at f.hat hvft the thermometer. The numbers expressing the 
fall of tcmqxu’aturo during tlu^se successive intervals are proportional 
to tlui nundxu’s expressing the difforoncos between the mean tem- 
porat\ir(^ of th(‘. tlunanometer during the successive intervals, and that 
of the (m(doHur(‘. ddieso fa.(‘.tH are embodied in N(uvton’s law of cool- 
ing. The rate of rm or fall of teniperaiure of a body is proportional to 
the difhrnre between the temperainre of the body and that of the enclosure 
Tlu^ numlxu’H, which indicate the Buccessivo values of the excess 
of the m(‘.an tcmiperataire over that of the enclosure, form a geo- 
metri(^al progn^Hsion proceeding by a common ratio, and the loga- 
rithms of these numbers an arithmetical progression proceeding by 
a (‘.onunon (liffercmce. I'ho following actual set of readings will 
serve to illustrate', the law: 


'I'iuio 

'rrtniH'niturn 
of Thrrioonu'tm* 
(«). 

'IVinporatiiro 
of KncloHuru 
iO). 

KX(U!i 88 of 
'roluporaturo 

Logarithm of 
Kxoohs of 
'rtsiuporuture. 

nxom 

ItatioH. 

S hr. 0 tula. 

iirr K. 

(th" F. 

ItO'' h\ 

1--177 

1-24 

It hr. 2 min. 

m-r 

(t5" 

24-1" 

1-:J82 

l-2(> 

:i hr. *1 min. 

84*0“ 

65“ 

ir 

1-279 

1*28 

It hr. tt min. 


05" 

uer 

M87 

1-48 

It lir. 10 min. 

7r>*4‘’ 

05" 

10'4” 

1-017 

1-51 

It lir, 15 nun. 

7 i*r 

05” 

0*9‘* 

•888 

1 



Tiic'. numlan-H in the sixth column— “ excess ratios”— are obtained 
by (lividirjg Huccessively each of the mimberH in the fourth column 
by the ntunlun* next Ixdow it. It will bo o])8erved that so long as 
tlm tomptu’atun^ interval was the same (two minutes) this ratio 
remained practically constaiit, and the longer the time interval the 
groatoi' the ratio. 



In the diagram, fig. 122, the ohaervatioim are ijlottcd. Curve 
is the curve of cooling, showing the rate at wliieh the excess of ten 
peraturo (column 4) varied with the time. Curve, k shows the log* 
rithms of the excess of toinperature plott.cHl with the tinus. 'This lin 
is approximately straight, the divorgeiuH^ of hoiihs of tlu^ points froi 
the straight line being duo to experimental erroi-. 



Tlrnu—*- 
Pis. m 


Krumplr, A hot. iron hall at r'’ ( 
in Hot to cool in an <*ncloHura afc 0 
After 5 min. a thennonntter is inaortt 
in a h<»lc in th«' hull; <nm minute latt 
the icnUKiraturc in JtOO*' Cl,, and aft« 
another minute it in Cl Find 

Wc may urn* the diagram, fig. 128 



Flic ns 


Omitting tlm chaw-tcristicH the logarithniH of and HtMi arc and 4? 
Along fchti asdft of time? mark off the di^tamw ami 7. At thiw ih»timci« m^t ' 
ordinatow roprwtmting on a auitahlo acalo the numten-Ji -ITT iind ‘IIIH. thu« ohtainii 
the two pointe All. Join an and pr<Hluro ihr lin«t n* cut the a^iii of the higarithn 
©xoeaa at N, Then the length «f on m found to la* which m the higarithm 
896 ; thuM 89ff Cl in th« toinimrature re<piirrth 

Or wti tnay prooraid by eahmlatifui tiuwr 

The tem|Mimture at the nml «f the dlh minute may U’ nhtidnrd hy multiplyi 
that at the end of the 7th minute hy ||j that iil the eii<l of ihe oth minute 
multiplying that at the end of the tkh minute hy ilir iiiimo «|iiiiniify fl*2); a 
80 on. 

Therefow the totnpiirafcitr® at the eomnmnwumuit 

W K (I “if W’ X mm Hlhl' tX 
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For most practical purposes Newton's law is sufficiently accurate 
when the temperature difference does not exceed 40“ or 50°, but 
further oxporiinonts show that this law does not represent the facts 
when the difrorcncc of temperature between the hot body and the 
enclosure is considerable, a case which was investigated by Dulong 
and Petit. 

Dulong* and Petit’s Law of Cooling. — 

In their researches Dulong and Petit used 
as the cooling body a mercury thermometer 
having a large l)ulb, the cooling liquid thus 
registering its own temperature. 

The thermometer was placed (fig. 124) 
with its bulb at the centre of a spherical 
vessel n of thin copper, about a foot in 
diainetcvr, coated all over its interior with 
lampblack. Attached to the top of the 
sphere was a metal cylinder, through which 
passed the stem of the thermometer. By 
moans of a tube c air or gas could be pumped 
in or out of the enclosure n. The sphere n was immersed in a lai’ge 
vessel of wattn* or other substanco maintained in each experiment at 
some <leiinite temperature. 

When the enclosure was at 0" Dulong md Petit obtained the 
following result:— 


Tt<miHn*aturn of thornjoiiuitor 

240^’ 

o 

o 

160” 

120“ 

100” 

80” 

Rato of cooHnjjj ... ... j 

1 

10-69 

7-40 

4-89 

3-02 

2-30 

1-74 



Thus under these circumstances a thermometer at 240° cools not 
twice as fast but more than three times as fast as one at 120“, and 
one at 160“ mort^ than two and a half times as fast as one at 80‘1 The 
rate of coolirig is clearly not proportional to the difference of tem- 
perature between the hot l>ody and the enclosure, i.e. Newton's law 
is not correct when the texuperature difference is great. 

The theory of exchangxm suggests that the law of cooling is a 
function not only of the temperature of the hot but also of that of 
the eold iKKly. 

Dulong ami I'etit took a series of readings, in which the tem- 
perature of the enclosure was mainUined at successively higher 
temperaturaa, the temperature of the hotter body being always 
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greater than thiH by a fixed amount. I'he following are a few , 
the readingH: — 


Tetnperature of hot 


i 

120 ; 

IlO 


body Ti 

1 {)()•' 

ino‘ 

Ttaupttratnn' of oic 





doHUo* Ta 

0" 

20“ ' 

10' 

lur 

Rato of ooolio,4 j 

2'd 

2-71 

nn ^ 

.•i-ni 

ll'tlS 

i 


Hero wo HOi) that tlu'. rat(» of eo(ding i.s greaUu* at lugh than i 
low teni|)eratur<‘H for a givmi t(*m|an-atun* tliderenec^ bt*tw(Mm the h( 
body and its onclomire. In fact, an appears fnim tlie fourth line ( 
ligurcH, if the dineremee — r,. be kt'pt eotmtant, tlnui as r, + - 
incroaHOH in arithmetieal progressitm tin* rate of (aading in(’rea8( 
in gtH)metrical progremsitm. 

The roHults of Dulong and Petit are embodied in the formula^ 
Hate of rooling — 

tfi 


where r =s Tj — and M and a are iHUistants, Knr (’imtigratl 
reading the eonstant a is l‘UU77: M d<*p»mds nimn ilm nature an 
mass of the rooling l>ody ami tin* nuniition of t in* radiating surfacoi 
and, according to Dulong and Petit, rtunains constant for the sani 
pair of Hurfares. 

The above inveHtJgation.H refer ti> bmlit^s cooling in mntfh Who 
gas was admitted into the eiirloHurc* (fig. Pit) Ihdong ami Ik)ti 
found that the rate of eoiding was increasctl by an lunmmt diflereri 
for ditlerent ganoH, and which varied alsfi with the preanure to whie 
the gas was subj(H‘ted. I'hm eflcct was tine to tamdiniion. 

Stefan’s Law. It was pointed out by Sudan that the exper 
mental roHults of Dnlong and Petit may l^e exprcsstul by tlu^ Himpl 
law that the radiatinij jmuw nj n hml^ h pmimriurntti /o ike ftHirih pmm 
of ik almdnk tempemiure, a conclnaion which agrct!s with the tluM 
retical law tlaveloped hy Ihiltzmann (Art. Thk law of coolin 

may be represenUnl by the ftirmula 


(iii 

di 




Sotne rec‘,ent reumrchoM at very high liiiiperiifureii have give; 
results dille.rifig from Htofan^ law, but im the wlmle the evidenc 
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points to this expression as giving the true law of the variation of 
radiation with temperature. 

1 68 . REFLECTION. — The reflection of thermal radiation from 
polished surfaces has been investigated by Melloni and by de la Pro- 
vostayo and Deaains by means of the apparatus shown in fig. 125. 
The reflecting sulistance was placed on the graduated circular plate 
1 ), by turning which the angle of incidence of the pencil of rays 
could be adjusUnl to any reepnred value. This peticil proceeded 
from a Locatelli lamp A, passed through an aperture in the screen q 
and after refhMition from the plate at i) fell upon the thermopile K 



Fig. 125 


The d(dl<‘('.ti(Hi of tin*, galvancmu^ter measured the intensity of the 
radiation falling upon the pile. A movable screen b served to cut 
off thcj radiation wlum riMjuired, and another screen served to shield 
the tlnuanopilc^ from direct radiation from the source of heat. The 
(lellection of tlu^ galvanometer wiia noted: (a) when the arrangement 
was that shown in the figure, and {b) when the substance at D was 
removcul and the bar ini' rotated on a pivot at ii, so that the thermo- 
pile rec^eived the direct I’adiations from the source. The ratio of 

thesci rc^adings gave tlic ratio radiation^ which is the mea- 

^ ^ Incident radiation 

sure of the reflecting power. 

Btsside^s confirming the general conclusion that thermal radiations 
follow t!u‘. laws of reflection that apply to light, the experiments 
indicated: 

(i) For (liaihermanous substances (Art. 170) the reflecting power 
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increases with the angle of incich'.ncus' whc^renn for metals it remains 
nearly constant until the angle n^aclies 70“ or 80 ; and then dimirn 
ishcs. 

(ii) The reflecting power varies with the sotun^e of heat. When 
the Locatelli lamp was removed and solar ludiation uschI, tlu'. value 
obtained for the reflecting })o\ver (d silvcu* was smalh‘r. 

The reflecting ])()wcr of a substarna* is tlunviore <iifrerent for 
incident rays of diflc.rent wave hmgth. 

169. DIFFUSION. The fact that a part. <d the thermal radia- 
tion incident upon a surface may niuiergo diflusion is proved by 
directing thermal radiations upon a sulmtaina* siu-h as white lead or 
any white powder and placing the th<u‘mt>pile near it. A dclleotion 
is obtained in any position id the pihs 'Fhe fact that this reflection 
is due to radiation irregularly reflected from f hi^ surfac‘e» and not to 
radiation emitted by the powder it^^elf, is proved by the nature of 
the radiation, which exhibits the sann^ cdiaracteristirH as are shown 
by the radiation from the souriui. It alsu appears from Melloni’a 
o.xperiments that whmi the soun^e id heat is at a high temfjorature 
the process of diffusion from any giveti studni'e tak(‘s place to a 
greater proportionally extimt than when the .smiree <d heat is a body 
of low temperature. 

170. TRANSMISSION. Hulmtances which allow thermal radia- 
tions to pass through them arty calltyd diathermanoui* t.hosty which 
will not transmit such radiations art^ railed athermanous. Diather- 
mancy for heat is analogous to trnnsparerjey for light: it is trans- 
missive power. 

That thermal ratliaiion from the sun can pass through glass is a 
matter of common tyxperityruny. Frevimt foiunl thiit lieat radiations 
from an onlinary flame could tdso i)aHs through glass, iei^, and various 
sulmtatices. 

Melloni B apparatus fm* measuring the diathernmney <d Hulwtimeos 
is shown in fig. 12B. The scretyn H and they [date i> luiing mit of 
position, direct rmliation was nlh»wtHl to priw^eed from the lamp A 
through a liole in the screcyn t; on to the tlieriiiopile 1 % and the 
deflection of the galvimometer was reeordtyd. 

The experiment was than rajayated with a plati! of ilie suhstance 
at D. The ratio between the seeond delkietinri iiml tiie fimt gave the 
fraction of the whole riwliation that had passes! through the plate, 
which is the measure of the diatharmaney. Melloni eiicloitxl his 
liquids in a trough with {mraliel sidea, dotijriiiining the aflbcit of the 
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Bides of the vessel by a preliminary experiment. He found that 
pure water is very athermanous. 

Of all tlie Hubstaneos tried, rock salt was the most diatherman- 
ous. It ti'ansmittod 1)2 per cent of the radiations that fell upon it. 
Bylvine (chloride of potassium) possesses the same characteristics. 
Hence the prisms and lenses used in investigations of thermal radia- 
tions are usually made of rock salt or of sylvine. A solution of 



Fig. 120 


iodine in bisulphide of carbon has liecn shown by Tyndall to be very 
diathermanouH although it is opaque to light. 

171. ABBOItFTlON.'— Mclloni measured the absorbing powers 
of dilforont sulistancos by moans of a slight modification of the 
apparatus shown in fig. 121. Between the thermopile and the per- 
forated screen he placed a thin copper disk, which was coated with 
lampblack on the side faciiig the pile, and on the other side with 
the sul)8tanc(i whose absorbing power was to l)e measured. 

It is (;lt^ar tliat when a body which is exposed to radiation from 
a source of heat ceases to rise in temperature, the heat omitted must 
be equal to the heat absorbed. If, therefore, the jilato absorbed per 
second a (|uantity of heat H, it radiated that quantity from its two 
faces. If the coefHcieiit of emissivity be for lampblack E, and for 
the given substance E', and t bo the excess of temperature of the 
plate above that of the air, then the heat radiated per second from 
unit area of the plate is (E + E')r = II, and of this heat Er is 
radiated from the blackened face, and gives rise to a proportionate 
current in the thermopile. The coefficients E and E' being known, 

C027S) 16 




220 


HEAT 


tho relative values of H for (li(1<*ri*nt HulwtauceH thus obtained 
from the indications of th(». l}u‘nno pih^. PruetuHlitig in this way 
Melloni found that //a; rrAd/rr (thsinfnmj pnurrs of fiiJIhrNi sukstmices 
are eradlj/ Ike mne an their relative emissive /nu/v vs. As to this e(|uality 
of absorlhug and enuHsivc power, it may in? remarked that when a 
})ody receives or parts with In'Ut by radiation, tlnu’c is an inter- 
chatigo of energy betwtHUi inatttu’ and tUlun\ and tlu‘, facility with 
which this interchanges can t^dte place appears to he independent of 
its direction. 

Ga.s7!.s*.— Tho alworptivo power of gases and \npours has Ijcou 
investigated by Tyndall. Fig. 1 27 sluavs diagranunatieally TyndaU’s 
apparatus. A Leslie euhe A eontauned wattU' ki‘pt at lOO’ 0. The 
heat radiated from tlie central part a' id <nie side i>f the {‘uht\ passed 




along a tube w (about 4 ft. in length), and fell t)n ont^ fare of a 
thormopile n, another cube r. emitting rmlintion to the other face 
of tho thermopile, A vacuum was maintiuned in the |KHiion B of 
tho tube, while the portion <* contained the gas or vaptmr whose 
diathermancy wan to he nnmHurcHi. Tim ends of <• were closed by 
plates F of rock salt. Condtiethm c»f In^at along the walls of a wiw 
prevented by a stream of cold water kept in eiretiiaiimi rotme! the 
chamber (i. With the tuht's b ami iM^tli exhumated air, the 
position of F was adjtisttHi so that tlic galvanunmter It iittached to 
the thormopile showed no deflection, the radiation reeeiviHl from 
1 being exactly erjual to that rereiviifl from A, Pure dry giw was 
tlien admitted into (i and the <hiflection of the galvaminmier ohiervad. 
The relative opacities of the different gases were projMirtioiial to the 
deflections prcKluced by their iuimission into t‘. Tyndall fonml that 
the admission of air, oxygen, nitrogen, iiml hydrogen lutKluced 
no deflection, so that their diaihernituiey is very high and their 
absorptive power very imiill. The viirious cotii{Minnd giwis that 
ware tned, and also iM|ueous vaimur, all gitvo deflections, some 
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of them very largo, indicating that they absorbed much of the 
radiation. 

Magnus made a series of experiments in which the thermopile 
was withiti the vessel that contained the gas under investigation. 
His results wei'e very different from those of Tyndall, notably in 
respect to watov vapour, the presence of which in air he found to 
be without ellect on its diathermancy. Other investigators have 
obtained results didering considerably from those of both Tyndall 
and Magnus. Meteorological ol)servations, however, appear to estab- 
lish th(i fact of the high absorptive power of water vapour. And 
the whole of the observations go to prove that the radiating and 
absorbing powers are the same in each gas, although different in 
different gases. T'he prosenco of acpieous vapour in large (juantities 
in the hmor strata of the atmosphere thus tends to mitigate the 
intensity of the sun^s rays, and to check radiation from the earth’s 
surface. Idie low temperature prevailing, in the absence of direct 
sunshine, on the tops of high mountains is probably due, at least 
in part, to the diathermancy of the dry rartjfied air, which allows 
radiation from the earth’s surface to proceed unchecked. Vapours 
show great varijition in absorbing power with temperature. As the 
temperature is raised tlu^ir diathermancy becomes much greatei*. 

According to d'yndall the absorbing power of compound gases 
is mucli greater than for clementiiry gases, whoso molecular struc- 
ture is more simph}, from which it would appear that the energy 
is expended in increasing the motions of the atoms constituting the 
compotmd mohHmles rather than that of the molecules themselves. 

172. Selective Absorption.— Early experiments showed that the 
al)Borbing power of a body is different for radiation from different 
sources. Idms, radiation from a Eeslio’s cu])e at 100" is (pienched 
or absorbt‘.d to a large ext(mt by many substances which allow radia- 
tions from a flame or from the B\m to pass thro\igh in much greater 
proportion. The incident pencil usually contains radiations of very 
different wave lengths, which are present in different proportions 
according to the temperature of the source. Those radiations whose 
periods synchroni/.e with the vibration periods of the molecules are 
absorbed, while those whose periods are very discordant pass on 
(Art. 237). Thus, glass absorbs waves of a long period, and con- 
sequently is athcrmaiioUB to radiation from a source of low tem- 
perature, whereas it allows much of the radiation from the sun to 
pass through. 

A substance absorbs almost completely those radiations which 
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the sulmtanco, when heated, wouhl emit, on tlu' name principle tk 
a number of Htretched string.s tuned !<» a particular note, take w 
the vibrations when that n<»(e. ia .sounded and .stop tin* imsKage ( 
the sound-wave in<*id(mt upon them, dims rock nail is found i 
bo opaque to radiations pnuHU'tling iunn hot nick salt. 

A solution of jauanangHnate of potash in wattu' is transparent fc 
the light waves coming from both cuds of the liglit spectrum, hi: 
does not transmit the waves eonstituting tiie mitldle part of tl] 
spectrum. 

Most suhsUmees behave in a scunewhat Himilnr way towarc 
thermal radiation, Each stthstanee tnumnutn waves af cortai 
lengths and is opa({U(^ to others, launphlaek is opaque to near! 
all wave Imigths, traumnittitig cudy the very long waves. 

173. A study of the hdlouiiig table will illustrate stuau-al of th 
results obtaiued. 
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174* formation of ok W, ■ According to the gnnerallj 
received theory of dew, its fonnaiitm is tJm result of tlie coolin| 
of the earth’i surfmie hy riuliatitin during the iiigbt. If radiatioi 
proceed auffieiantly rapidly to chill the air iieiir the gnmmi helov 
the dew-point, dew is do|Kmit4id on the riidiiiting iurfacti. Mort 
dew is genorally cki|K)sit«d on a dear than on n cloudy night, be 
csfuisa the cloutk rmliate liaek Ui the eartli luyirly all the himt thaj 
receive from it, and thus prevent the diilling of thii imrth s surface 
The character of tlie surface also itffttctii the rnsult. If tli© materia 
be a goixl conductor of heak the supply riiirliing it froii* the interio] 
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of the earth may l)o sufHcient to maintain its temperature in spite of 
the radiation, and in that case the air above the surface being main- 
tained at a higher temperature is able to retain its moisture, and 
little or no dew is deposited. If, on the other hand, the surface be 
a good radiator and a bad conductor, it rapidly parts with its heat 
and receives little from the earth; it, therefore, becomes very cold, 
and much dew is deposited upon it. It is easily seen that the effect 
of wind must be to prevent the formation of dew by constantly sub- 
stituting warmer air for the chilled air before the dew-point has been 
reached. 

The above theory is probably incomplete. Recent evidence tends 
to show that dew tnay be deposited under quite different circum- 
stances by the exhalation of vapour from the earth and from plants, 
and the condensation of this vapour upon the surfaces. 

175. SOLAR RADIATION. — The rate at which the earth is 
receiving energy from the sun, and hence the rate at which the 


Bun is radiating energy, 
may be estimated by 
Fouill d\s pyrheliometer 

(%■ 

On the ends of 
long mot^d tube A are 
mounted a flat cylin- 
drical vcHsel u of thin 
metal and a hat disk c; 
of the same diameter. 
The calorimeter B is 
filled with water in 
which is the bulb of a 
thermome tt^r whoso stem 
pasHOB along the tul)e A. 
The tube and its acces- 
sories are mounted on 
a stutable stand ifi by 
means of a tiniversal 
joint B. The face B 
of the ealorimetor is 



coated with lampldack, tig. 128 

and the remainder of 


its surface is polished. The instrument is placed so that the axis 
of the tuba A points to the centre of the sun, which is the ease 
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when tlio shadow of B oxacily (‘ovars (\ and tha risa of tho th< 
mometor in a coiivoniont linn* is ol>.Harvt*d. d'ha wnttn* lufuivalc 
of tho caloriinotar boing known, nn<l coiTtMi ion inadt* fur nidiatk 
the energy as ineaHiirod by tlu^ ntnnbin* ot ealorias II receivod j; 
square contimotn^ per ininntt^ is eahnilatcnl. 

Observations are made with the sun at diflVrent height a))o 
tho horiison, from which the absorbing ^‘tlect i»t' tbt' ntniosphoro 
estimated, and the value ftm il outsidt* our atmosphere is th 
approximately fotind. 'PhiK value is eallml the solar coastal 
The value found by Fouillet was I ‘7b. 

Knowing the value of II, the rati^ at wliieh the sun in emitti 
radiation is cahmlated. If a nuliating sphen* of radius r (in tl 
case the radius of the sun) be surrounded by a hollow sphere 
radius R (in this ease the radius tlu^ earths orbit, assum 
circular), then the energy that h*avt^s a surfaee wliose area is dr/*" 
received on a surfaee whose area is iirir. Menee 


tht5 t^iiorgy mdiattHl |K«r t«y Uir IrR’^ 

the energy ahHodnul |ht sijuno’ tviilimi tir by fh*’ vurlh 



The radii of Uu^ sun and of tlu* earth’s cu‘bit an» vtuy neat 
43 X lO'^and 924 X 10^ cm. respectively. Henei*, taking Iknulle 
value of the solar constjuit, the amount of thermal radiation leavi 
1 sq. cm. of the surface of the sun in I min. is 


1-7G X 


fim X \if\ 
^ 43 X 


The above figures give about Hl,(Kjti calories, which is ec|uivalent 
7 ‘5 horseqwwer. 

Evaluations of the solar <’<»nsiani tmule by \dolIe wit.li a diflerc 
form of instrumcitt, called by him an ittiinimirirr, ga\e the value 2* 
for the solar eormtant; and l#angley, \vln» had special facilities i 
estimating tho efiect of the earth’s atnnwplcere, makes itabemt 3. 

176. RHFRAOTION. TllK M, Isu.. 11 piiridlel ben 

of radiant energy emitted from an electric ar«t k (fig, 129) or olh 
convenient scjurce pass thnmgh a narrow slit n iiiiil a prism 
Then it is found that if the light be focmied by 11 leiw n on a wra 
h’b placed in a iui^ibla [Kisition on the farilier sitle of tlie pria: 
there is seen U|mn the it;reen a multietiloiireil Imnd of light vit, t 
colours being in order violet, imligo, lihie, grtitui, yellow, orange, rc 
The parallel beam nu him laion rifrwM by tlie jiriiiii, i.e, caimid 
deviate from its original |mth, and ak:i dii]^fi«4 bo, out in 
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a band. On that part of the, aeroon liotwcen v and s', where under 
orchnary <-.on.l,t.<,nH the eye „<,thing, it ia found that chemical 
action tai<e.s place on a phol,ogrnphic plate placed anywhere in that 
region. 1 etween u anil s, where also the eyi sees nothing, a doVcS 
therinometiw or thermopile or radiometer shows a rise o tem^- 
ture ddlering in amount m difleront parts of the region, just as the 
colouis are dillerent in dillerent parts of the visil.le band. The 
whole band s.s ,s the radxation spectrum; but as the three parts of 
It have to be mv,«t.gated by us by iliflerent means, they aixMlistin- 
guished as the chemical or actinic spectrum, the light spectrum 
and the heat spectrum. 'I'hese spectra are not sharpl/dividS fS 


A 



dip 





each other, but ovcrla;). 'I'lie heating cflect can bo detected not 
only m the portion between u ami k, known as the ultra-rod or 
infra ret , but te a lesser degree through the light spectrum into the 
idieuucal region. Also photographic iilates have been j.repared 
wlui’h nfliK’tiMl not cmly hy thn vinlnt arnl ultn^violot rnys, but 
also by the radiatien that ronstitiites the remainder of the visible 
spectrum and part of the thermal siieetnini. But it may be gotiorally 
stated that the most refrangible rays, i.e. those which are deviated 
most from their origiim! direelion by the prism, form the chemical 
spectrum, the Imist refrangible the heat sjaictriim, and the inter- 
nieiliato rays the light spectrum. Where the eflbets overlap they 
cannot Im isolated, .bitnin interposwi layers of alisorliing suhstancos 
in dillerent jiarts iif the sfieetrtmi, and inoasiiring the reduction 
therehy prisluciMl in the light and also in the heat, found that the 
light and heat wore always rwliicwl in the same ratio. 

If a {lieco of uranium glass Ihj placed in the ultra-violet region io 
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shines with a yellowish light: the snlmtance haa ahaorhocl invis 
rays and omits visible rays. I'liis {>hoiienHaiuii is <*allc*d fluorascei 
In an experiment devised by ^ryndall, ilu‘ rays fnun an elee 
arc were passed through a rectangular glass veHH<d ctnUaining a 8< 
tion of iodine in carbon bisulphide. I'he stdution Htopped all 
light rays. The radiation that passcKl through tlu'. Vitosel was c 
centrated by a lens on to a piece of platiiuuu f(»iL I'he foil becu 
white-hot and emitted light. Thus the foil absorbed tluuiual ra( 
tion and gave out light radiation. This pluuiomenon is called ca] 
escence. Such facts indicate that all radiation is eswuitially of 
same character. The dillerent aileets that, we perceive are dtie 
difference in the lengths and periods of the wavt*s that constit 
the radiation, and to differences in tlu^ rt^actiouH to thesis vari 
undnlationa of the mohumhm of mutk'r on whi(’h tlu^y impiti 
The least refrangihle rays have thc< greatest wav<s huigth, 1 
greater the refrangibility the shortm* t ht» waves. '‘Phe length of 
waves is of the order of a thousantlth (ff a nullimotn* ta* one for 
thousandth of an irreh. The lengths of tire waves constituting 
light spectrum ai’e known to a high degrin* tff accuracy. 'Fhey 
usually been meastrred in tenth inctrcs of a inetrt'). 1 

lengths of heat waves are usiudly cxpr<*rtscd in microns, i.e. th 
sandths of a millimetre, and the syndsd adopted for a micron i; 

I fx ^ *001 mm. =s 10,000 tanth imitres. 



ISO 

Fig. 130 illiwtratei th© genarid of iliti rimtdti obteii 

by a preliminary examination of the s|MM:trutii. Tim lengtlr of i 
band b'b represent! the diatance on the nc-rtwn iilorig which the nw' 
tion passing through th© prism is diiimrietl. 11iii |iortiiiti a U 
represents the light spootrum, the ©Itimical «|iaetrum extends fr 
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E to S', fUKt the tlicnnal spectrum from li to beyond s. The height 
of the eurvos wg,i> abovii the baseline at any particular point indi 
cate the relatives inUinsities of the cHect at that point measurec 
chenii('ally for curve w, photometrically for q, and thermahy for P 
Tlu^ ordinates of the three curves, however, have no relation to eacl 
other, as the three kinds of eHect are dilierent, and are estimated b;) 
methods that ai*e not comparable with each other. The approximab 
wave lengths (in microns) are shown at the base of the figure. 

''blu^ (hitails of the results vary in some respects according t( 
the sources of emn-gy employed, because dilFcrent sources emit thi 
various rays in dillerout proportions; and also according to th( 
materials of which tlui lenses and ])]isms of the instruments are made 
be(\'iUH(‘. dilierent materials rea(‘t dillerently on the diiierent rays 
Kor tlu^ inv(‘Htig;ition of tlu^ thermal spectrum the prisms and lense 
ai'o usually made of rock salt or sylvino, because these substance 
are found to pass about 1)0 p(w cent of the heat rays. If the sourc 
of light be tlu^ sun, dark lines A to H appear in the light spectrum 
and bands wluvro the heat is loss intense are found also in the hea 
spectrum, as shown in tlu^ figure. 

177. The Infra-red Spectrum.— This part of the spectrum ha 
been inv(‘,Htigated by variou.s methods. Stefanik, employing a screei 
which ahsorlHul the whole of the spectrum ordinarily visible, wa 
able to det(H‘.t by the eyii radiations of much lower refrangibilit; 
than tlu^ ordinary red rays, as far as the rays of wave length 1 ^ 
(fig. 130). B(Hupier(d, allowing the radiation to fall on a plat 
coated with a phosphorescing substance, obtained phosphorcscenc 
ofleetH as far as I *4 /i, and <lotocted the existence of dark l)ands. 

Photography has also been em{)loyod. A spectroscope is use< 
as in light observations, and in place of the eye a photographic plat 
is placed in the platie of the objective of the observing telescope 
In th(^ preparation of his plates Abney used an emulsion of silve 
bromidt^ and collodioin Millochau, by employing a plate prepare^ 
with g(datine bromide and treated with malachite green, got photc 
gra|)hH as far int(» the infra-red as *95 /x on the scale. 

JiOhmann lias photographed the speettrum as far as 2 /x. H 
used prisms of strongly refracting flint and a screen prepared wit 
xinc suljihide. This screen having been exposed to blue light fc 
thirty Kccomk, phosphoresced green. On exposure to the infra-re 
spectrum the phosphoroHcence was extinguished to a greater or lo^ 
degree in dilierent parts of the plate according to the energy of th 
radiation. The screen was then placed in contact with a phot( 
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graphic plate eapeci/illy sensitive to gre^en light, and (h'.velopod in 
the ordinary way. In these* photograplis hands appear, indicating 
the al)Ksence or diininishcd enungy of rays of certain wave* lengths, 
analogous to the dark lines in the visihh^ solar spetirtuu. 

Much of our knowledge of the infra nal spectriun is duo to 
Latigloy, who invented the holonnac'r for thest^ inve.st igations. Fig. 
131 may server to give an idea of Larighw s arrangcuuentH for in- 
vestigating the infra nal speetnun of tlu^ sun. liy ni(*.ans of a 
sidcrostat a beam of sunlight was directed oti to the slit of a largo 
horizontal collimating telescope T having an ohj(‘<*tiv(‘ hum of rock 
salt of 10 m. focal length. The beam was dispersed by a prism M 



of rock salt, and after its pimniige througli M was focused by a lens L 
on to one of the wires of a bolometer l\ The disturbaiict^ prodtuasd 
by the heating of one of the b<ihuneter wires in the eirenit of the 
Wheatstone s bridge w wan indieated by a retliHiing galviuHimeicr x, 
whose mirror directed a spt»t of light cm tt» a pluUographic plate Q. 
The prism M was mounUsl at the centre of a hcu i/suitid wIuh*! which 
was rotated by chn^kwork, ao that the spi*etrnnt slowly travelled 
across the bolometer wire, and tliis cloctkwcu’k sirnultainanmly gave 
the photographic plate a eontinuoim verticud inc^tioii. I’lius the 
heating efleet experienced by the bolcmieter wore, as tlie spcs'trum 
travcdled across it, was ree.orded liy a thin wavy lint^ on the photo- 
graphic plate. The galvanometer emjil^n’ed had a t|tei.rtxdihrc 
suspension and was extremely aiumitive. Uni iKdoineter thread 
was >20 mm. wide. The whole apjmratiw was «i «crwitive that 
Ijangley estimated that a difference of teiiiperiitnrti iw small as 
jWQmQ* ca|mble of detoetion. Tliti iiirnddmiry was so 



RADIATION 


235 


geared that the spectrum travelled across the l)olometer in two 
hours, arid tlie trace on the photographic plate was 2 m. long. 
These traces are called hy Langley holographs. 

The ui)per part of fig. 132 shows (one utider the other) three of 
.Langley’s holographs taken one after the other on the same plate 
on the same day„ It is seen that the curves are all of the same 
chara(5ttn*, (lillering only in their height al)Ovo the base lino. This 
height nujasures the energy of the radiation, which diminished with 
the diminishing altitude of the sun. Such curves can only bo taken 
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during pc^riods of sunshine, and oven then there are often invisible 
cIoucIh in the atmosphere which afloct the curves, so that only by 
comparinon of a number taken under the best conditions can the 
correct curve of thermal ormrgy bo obtained. 

The line spectrum below the curves is obtained from the holo- 
graphs, a (lark hand in the spectrum corresponding to a depression 
in the (mrve, and a light band to a rise in tlu^ curve. The dark 
lines and bands are distinguished by letters. Their positions in the 
wavedength series is shown in fig. 130. Langley employed a special 
arrangement of spherical find cylindrical lenses which automatically 
recorded the linear equivalents of the rises and falls of the curve. 
Many of thc^se linear spectra were then suporposod one on the other 
by the process of com|)Osito photography, and thus the spectrum 
given was obtained Most of the dark lines in the visible spectrum 
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are known to 1)0 duo to nlKsorption in the plioio.sphcn’c^, of tho sun. 
'Wh( 3 thor the dark baiKiH and linoK in the iidVa hmI Kpc^etrum a, re due 
to absorption in the earth’s atiuospluu*!^ or t.o action iH‘ar the sun 
is not certainly known. There are tnany inflectionH of the curve 
between 1 fi and 3 fi, atul Langley recorded about bUO liiuw between 
LB /X and 5*3 /x. He also found tlie Hpecti’um U> vary slightly with 
the season of the ycuir. 

178. MEASUREMENT OE WAVE LKNimi, . Let abcj 

(iig. 133) reiu'csent a 
pristn, and Kr.ivn; the path 
of a ray passing through 
it iti such a direction 
that i.M is paralhd to no; 
then lh(‘ angle KIUJ Tuea- 
mirt's thi^ <h‘viation: call 
it lu Draw the normal 
NtiO the side AH. 

1^% Biu dlnni since thc^ figure is 

Hynunetrieal and ALO is a 
right angle, therefore tlu3 angle * 4 A, 

' Also, since i> 2 hl() - 2mi.o ‘Juno -- a; 

.% the angle Huu - |(A + n); 

. HLO HIM ^ |(A + U) 

HIM MLU 4 A ’ 

hut the ratio in the <lef!nitiun (»f the index <»f rc^fraetien. 

BUI MLU 

Hence tha index of refratjtion 

sin hlA + It) 
n » ■ **. I 

mti I A 

Thus the index of refraetion can be deierrniiietl, whetlier of a 
light ray or a dark ray, wdion the ray has been isiilatctcl 

The wave lengths of the light rays are known: anti it is found 
that for those raya the longer the wave the sniiiller is tlie refractive 
index, and the ihorter the wave the grimUn* thn rttfnictive index; 

Various fittompti have been made tooMtahlisli n forniulii for light 
rays connecting the wave length with the rufraciive indax. That 
of Briot 

a KX* + A + 
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where n stands for the refractive index, A, the wave length of the 
ray, and K, A, B, and C constants, appears best to represent the facts. 
Assuming this expression to hold for thermal radiation, when the 
values of the constants have been determined, the wave length of 
any heat ray may be calculated from its index of refraction. 

The wave lengths of heat rays are also directly measured, as are 
those of light rays, by a diffraction grating. Langley used a Rowland's 
concave grating ~ part of a spherical surface of polished metal. 
When a beam of radiation falls on such a grating, interference and 
diffraction take place, and a numl)er of spectra are formed. In 
fig. 134, A(j represents a section of the grating whose centre is 0 
and radius of curvature of. 

At I), the centre of the circle 
whoso diameter is of, three 
arms wore hinged, of which i)0 
carried the grating, UB the ar- 
rangements for transmitting a 
befim of radiation from B to 0, 
and DB the bolometer n. Then 
the beam, proceeding frotn B 
and falling on the grating in 
the region near o, forma a 
series of spectra round the cir- 
cumference of the circle OSB. 

These spectra may be numbered 
from 1 to q; then if k be the 
wave length of any ray in the spectrum, i the angle of incidence 
of the light at o, d the angle of diffraction, and a the distance 
between two consecutive lines of the gt'ating, 

qk = a(8in i •— sin d). 

By this means Langley measured the wave length of rays up to 
2*5 /i. The weakness of the diffraction method of measuring wave 
lengths is that with such a wide range of waves as that present in 
thermal radiations the various spectra sooti overlap. They are more- 
over weak in energy. Hence the rofmetion method is often used. 

The scale beneath the spectrum band in fig, 130 shows the ap- 
proximate length of the waves measured in microns. 

X79. Long Waves. —Waves of much greater length than those 
referred to in the previous articles have been meij,sured. Employing 
a cube of liquid as the source of radiation, and temporaturaa between 
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— 20° 0. and 100" 0., Langley ostiinated tlu‘, length of the waves as 
hotwccH 15 ft and 5 fi. 

Rnhons and Nicholn in one HorioK of ('.xperinientH employed as 
ihoir radiating surface a layer of lluor s])ar A (tig. 155) on platinum 
foil, which was maintaintwl at any desired teunpesratun^ d'he radia- 
tion was successively retlec>te<l from threat par’alhd surfaccis n, (j, and 
1) of polished fluor-spar, and then rec’cived on the intuisuring itistru- 
nfiont Q. The fluor-spar reflecting surfactm acted H(d(‘etivt‘ly on the 
radiation, so that the wave hmgth of tluit which fcdl on q was found 
to he 24*5 /a nearly thirty tiitu's as hu^g as t he longest visible rays. 
With (|uartz stirfact's tlu\y fo\nid that n'gtdar reths’tion took place 
of waves whose letigths w(U‘e 7*4 p, H-5 p, It /i, and 20’H //, })ut not of 
waves l) 0 twcen those lengths. Nlica showtai similar nwulte. 

By Hucctmsivt^ refleetioti from 
polislHui surfaces of rock salt, 
UnheiiH has obtained still longer 
waves, d'ht^ rays were found 
to be transmitted by tpiartK, ho 
that using a (piarU prism their 
Kig IU5 index of redraetitm was mea» 

Hured. The vadue ohtainod 
was 2-19, and the wave length 56 /t. 

The existence of absorption hands, demonstrattHl in these experi- 
ments, ])()ints to the tsxistence of sevend systiuns of niohnudes vibrat- 
ing in periods corresponding to the lengths of tlje absorbed waves 
(Art 237). 

180. SBICGTRUM OF 'I'lIF ELFXrrUIC ARO.* Using a 
bolometer of 75 ohms resistuiei*, a galvanoimd.er with tjuartz fihre 
snspensioti, and a prism of mlieate flint glass, Snow has investigated 
the spectrum of i\m electric are hetwcMui carbon jHunts. It showed 
a large munher of hands, each made up td nmmu’tnw fine lines, five 
of the hands between ’7 p and 1*5 p being es|HHdidly wide. Moll 
volatilised metallic aidts in the arc, ami projected its image, by 

. means of a concave mirror, on to the slit of a «{Hictro8coj)fi whose 
prism was of rock salt 'fhe nuliation was riHtfiivcd on a linear 
thoraiopile of constaiitan and iron. The slit ami thermopile were 
kept fixed and the prism slowly rotated, tliiw causing the spectrum 
to paas slowly over the thermopile. He thuii cjbtained a curve of 
intensity ranging from *7 p to 6 /i. I'he refriictive indices of 
difierent rays were measured, and their wave lengths caleidated. 

181. FULL RADIATION IN AN ENCjL0HUliE.^-4f a ther* 
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momoter he placed in an enclosure which is maintained at a constant 
temperature, it takes up the temperature of the enclosure. Masses 
of substances of different materials and different colours — e.g. iron, 
platinum, porcelain, glass — contained in a hollow in a hot fire, lose 
their distinctive appccarances and outlines, and present to the eye one 
uniform white glare. Since the substances all look alike, they must 
each be emitting per unit area an equal quantity and quality of light 
radiation. They must also be receiving equal quantities, or differ- 
oncea would develop. And the same statement must be true of 
thermal radiations, or difibrences of temperature would result. 

This con (‘option of a uniform fully raciiating enclosure has been 
of great service in the development of the theory of radiation. In 

its perfect form the 
enclosure may be 
regarded as a thick 
hollow sphere (fig. 
136) with no aper- 
ture. For practical 
purposes it is of 
course necessary to 
have a small aperture 
through which the 
radiation from the interior maybe examined by radiometers outside. 
Kxporimoiits made with such a shell show that whatever substance 
may bo inside, the radiomotc^.r gives precisely the same indications 
for th(i same temperature. The only circumstance that affects the 
radiation is the tomporaturo of the radiating substance. 

Hence whether the radiation is luminous or non-luminous, the 
eonehision is that in such an enclosure a stream of radiation is pro- 
ceeding in all directions, the quantity and quality of the stream 
dependiiig on the tetupc^rature of the enclosure, and not at all on 
the materials (composing it or onedosed within it. Eacdi body omits 
exactly the same (piantity and quality of radiation that it receives. 
Those that radiate nuich reflect little, and those that radiate little 
relloot mucdi. A perfect equilibrium exists between the heat given 
out and the heat taken in by any element of the interior of the 
chamber, each (dement lieing supplied with those radiations which 
it reflects and which its own radiation lacks. Such an interior is 
said to act as a full radiator. 

182 . Black Body.— In everyday language a black body is one 
that does not reflect light that falls upon it. Experiment shows 
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that ordinarily a lamphlack Rurface refler.tR litt-lo or noiu^. of the ther- 
mal iwliaXioiiR that fall upon it, hut alworlKs tluuu all. Ihuice, ahan- 
doning the idea of optical (‘Heet, we may think of a perfectly black 
body HR 011(5 whicdi at. any giv(5n moiiumt is almorhing all tlu5 radia- 
tion of ( 5 very wave length that in falling on it, retlt5(5ting n'one and 
transmitting none. Hath a body in a full radiator, poKHOssing the 
distinctive^ })roperty of the interior of a fully radiating (5ncloBUre. 
The (quantity of radiation prtHu^eding from such a body is indepon- 
dcint of the several (drcumHtaue(5K that aiha^t the roHults of Arts. 1C4 
to lOG, and reproHontH very approximattdy tin* stream that is due 
to its own temperatui'e only, and may tluu'cdort* ht5 UH(*d to immaure 
that tomporaturi5. 

The neai-est practical api>roaeh to thin theoretical p(5rf(‘e,tly black 
body is lamphlack. 'riiis Hulmtance in therefore taken an the Htondard 
with which otlu5r radiating HiirfaceH are (‘ompnred. 'Fhe ipuuitity of 
heat that leavers such a Hurfaee is 1*27 X x d* ealories per 

scpiare centimet.re p(*r m’cond, 0 being the al>solute temperature. 

Carbon in its mor(5 usual forms, and those metals, sueh iron 
and copper, which on ludng heated beeomt^ eontini with a black 
oxide, approach the idi^ul condition. A pmfcH’tly Iduek luKly cannot 
bo prepared liy nrtifieinl blathening. Uni any HulmtanceH that are 
enclosed within hot furnac(‘s, midHi^H, or eomhustion ehamliers, whose 
walls are at the same temperature as the contents, are at the time 
approximately black hodies in this sense. 

183. Badiation and Temperature.- Many atu^mpts have been 
made to find th(5 connection between the ttunperature of a body and 
itB rate of emitting radiant energy, 'fhe simph^ law of NewTon and 
the more complicated expressiun (drained i»y iHilong and Petit 
(Art. 1G7) are only applicable under the (‘ireunmttanet‘s and within 
the moderate tem{H*rature limit^s indicated in the i»x{>erinu5nt«. Since 
the gas thennomet(5r, thcrm(» conple, and the elt'ctrii’ resistance 
thermometer have, enabled mnch higher and lower teinpemiurci to 
be measured with considerabbi accuracy, many investigatioui have 
been made with the objec^t <»f deU*rmining the general relation 
between radiation and temperature. 

In many experiments a strip of platinum has been Uicd as the 
radiating surface. The strip may \m heated !»y an idiictric current, 
and its temperature measured hy a thermo-coupki attjmlied to it; or 
calculated l>y measuring its electrical resistiinee (the variation of re- 
sistance with temperature l>eing independently known); or obtained 
from its expansion. The rwliation proc*eedi«g from it may be mea- 
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sured by a bolometer or thermopile. Figures obtained by such and 
similar moans have given different results, some making the total 
radiation proportional to 9\ others to 6\ and others to These 
diff'eronccs arc probably due to departure from ideal conditions in the 
cxporiments, i.o. the radiating substances were not “ black bodies. 

From his electro-magnetic theory of light Clerk-Maxwell deduced 
the result that there exists a pressure in the direction of propagation 
of light waves. This pressure has since been detected and mea- 
sured by Lebedew and by Nichols and Hull. Starting from this 
fact, Bartoli and Boltzmann treated the radiation within a closed 
sphere as the working substance of a heat engine on the principles 
set forth in C^hap. XXVI, and reached the result that in such an en- 
closure the total amount of ewrgy radiated from a body in unit time is jpro- 
pmiional to the fourth power of its absolute temperature (Art. 304). This 
imporUnt law may bo thus stated: Writing E for the total energy 
omittcid per scpiai'C centimetre per second, and Ex for the energy 
per unit range of wave-length in the neighbourhood of A., 



6 l)eing the absolute temperature and B a constant. 

This conclusion had previously been enunciated by Stefan as a 
deduction from ol)scrvations published by Tyndall and by Dulong 
and Petit. 

The following figures, extracted from Balfour Stewart’s Heat 
illustrate the basis of Stefan’s deduction: — 


Ahiiolute 
Tenjptirafcure of 
Hot Utnly $ 1 . 

Absolute 
Tatnperature of 
Enclosure 0^, 

.Numbers 
Proportional to 
Bate of OooUnpr 
of Hot Body. 

Numbers Propor- 
tional to Net Loss 
of Energy E of Hot 
Body calculated 
from Stefan’s Law. 

51 r 

27r 

10-7 

10*7 


293" 

12-4 

12*8 

mr 

313" 

U-4 

14-14 


The numlicrs in the first three columns are those given by 
Dulong and I’atit. 

The numbers in the fourth column are obtained from these by 
assuming that the hot body gives out energy to the colder sur- 
rounding body (see p. 221) at the rate and the colder to the 
hotter at the rate so that the hotter body loses during each 
unit of time an amount K of energy equal to B(^i^ - ^ 2 ^) where 
B is a numericml constant. 

(cm) 
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Thus for tomperaturos 513'’ and 273 ’ wc* liavo 
E B{513^ 273^^), 

and similarly for tho other pairs of tempcn-ature^a. The*, comparative 
values of E thus calculated are Hc‘en to be very (dose to the expert 
mental values giveti in column threes 

184 . Wien and Planck hav<‘ furtluu’ dc»v(*lopcd the theory,. 
When the tempcnuttirc of a IxmIv ia rained, the relative inteuBities 
of tho energy of the various wave lengths {>luu»g(\ Examining the 
spectrum of hlaektujed copper at variotw te)[n|)erat.tireH b(‘twoeri 
40® G. and 800“ ( 1 . Langhy shovvesi that m tlu' temperature of a 
body risoB, the spectruiu is extended; radiations of greater and 
greater refrangibility gradtially appear; and at thc^ sanu^ time each 
element of the radiation is iruTc'ased in intensity. Gp to a certain 
point tho emugy of the radiation of higluu* refrangibility, i.a. of 
smaller wave length, inereases iii intensity more' tlian that of lower 
refrangibility, so that if the maximnm ('fleet (ui the Indcutn'ti^r passed 
along the spectrum of a body at a certaiti t(*mperattin^ is at 4*0 
then on raising the Umipeu-ature a ci'rtain amourrt tlu^ maximum 
effect is found at (say) 3*0 p. By a mt'tluHl similar to that given 
in Art. 304, Wien and Idanek have sltown tlmt thi^ wavi^ length 
which gives out maximum energy (where th<' hoh»meter gives the 
largest deflectioti) varies inv(TS«'iy m tln^ almolute temperature, i.e. 

‘ ■ • (*^) 

where stands for the wave h'ngth that is emitting maximum 
energy, and A is a constant which in thi' units lu're emphjyad is 
2880. The theoretical investigation also slnovs that the amount of 
tho maximum energy Km pna'ceding in unit time from (the 
wave length of maxinmm enmgy) is proport i(»nal to tht^ fifth power 
of the absolute temjauitture, he, 

- Q X . .... ..,..(3) 

where Q ia a oonatant. 

Planck has ako put forwatxi a genera! formula expimiing the 
variation of the energy E, with the wavt' length A and the tempra- 
ture 0, The formula, the pnwif of which ennnot be given Iierii, is 

s ( v ^ 0) 

- 1 

whero 0, and Cj are constant*, and c i* tlie 1 «um! of the Napierian 
logarithms. 
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The constant is equal to 5A in the equation (2) above, i.e. 
14400; is about 1000. 

On those expressions are based the modern methods of measur- 
ing the radiation omitted by a body, and also its temperature. 

185. The laws expressed by the four equations given above 
apply only to full or perfect radiators, and for such bodies have 
boon exporinuuitally tested and very approximately verified in 
lotig aeries of experiments by Wien, Paschen, Lummer, Pringsheim, 
Kurlbaum, and others. 

In aomc^ (experiments the enclosure was a hollow sphere coated 
inside with lampbhu‘.k for t.he lower* tompci'atures, and with either 
oxid(^ of ii'on or* oxide of ixranium for the higher temperatures. In 
others the (UKiloaurc^ was in the form of a tube of porcelain or 
carl)on surrounded by ariitable jac.koting tubes. The innermost 
tube was h(uit(‘.d to any re((uii*(Ml temperature by passing an electric 
currmrt of suitable strength eitlu^r through it or round it. 

dlio tom|)erature of the enclosure was measured by a thermo- 
elootro couple or by a nitrogen thermometer. 

A pi(K5e of c.arl)on was placed at the centre of the enclosure, and 
the radiation from it pasacul out to a bolometer through an aperture 
in the splnu’c*., or wlum a tube was used through one end of the tube. 

I'c) verify ecpiation (1), E = the radiation that passed 
thro\igh the aperture was allowed to fall on a 8uital)le screened 
bolonu^ter wheats indic’ation.s were proportional to E, 0 being simul- 
tan(«)UHly givcm by the thermometer in the enclosure. The law 
was ae,curat(dy vtu’ifu'.d for full or p(^rfect radiators. 

The diHtril)Ui.ion of the (mergy along the spectrum given by the 
source within the enclosure was also examined. The radiation 
passing through the aperttn-e f(dl Tipon the slit of a apocially- 
construc.tod sp(H‘.tros(U)pe wlioso prism was of fluor-spar, and whoso 
roeeiving telc’sscope (contained a line bolonu^tor. 

At some sel{Hd.(Kl temperature 0 of the source the bolometer was 
passed along tlu^ spectrum, and its indications at difFeront parts of 
the spec'.trum were proportional to the energy E of the radiation at 
that part. 

The variation of K with X (the wave length of the radiation) 
was mst out in a enrve. Four such curves obtained by Lummer and 
Pringsheim are shown in the following diagram for temperatures 
1 100 ", 1250 ", 1450 ^ and 1650" absolute. 

An examination of the diagram shows that the radiation in 
every |mrt of the spectrum at first increwos rapidly as the tempera- 
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ture rises, that for any given temperature the radiation is a 
maximum at some particular point, and that the wave length which 
is emitting maximum radiation is shorter at higher than at lower 
temperatures. 

The following table of numerical values confirms the laws stated 
above in o(|uations (2) and (3). 


('0 

(A) 

(<•) 

(</.) 

{€) 

e 

Xm 

En. 

X|H X B 


1250 

2*8 

85 

2875 

111 

1*150 

1 * 1 ) 1 ) 

78 

2885 

113 

1650 

1 

1*75 1 

184 

2887 

no 


The valm^B in columns (a), (&), and (c) arc taken from the curves: 
those in column (d) are calculated from (a) and (h) and verify 
e(piation 

(2) = constant: 

those in column (e) calculated from (a) and (c) verify equation 

(3) -r = constant. 

tt in llmt aHS\uning tuiuation (2) axid the constant 2880, the temperature 
of imy Kourc(% can bo caknilated when the wave length that emits maximum 
radiation is known. Dins for the radiation from the H\m is> according to 
LatJigley, e<pial to *5 (in microns), therefore 6 a® 2880 n- ‘5 = 5760® absolute or 
about 5500® C. 

Eejuation (4) above is an expression by which the energy E can 
be calculated for imy particular wave length on any one of the 
curves. The stinh^nt can obtain comparative values of E for any 
points on the curves by using the simpler form 

^ mm) ^ f 

Comparative values thus calculated for certain points on the 
curve for 1650'* are given l)elow, and beneath them the values 
indicated l>y the curve itself: 


X 

1/A 

1-5/a 

2/a 

2-5/a 

S/A 

R cihnikt4id ... 

50 

127 

147 

118 

87 

K f nan curvn , . . 

SO 

125 

181*5 

110 

86*5 


These figures are illustrative merely. The agreement of the 
formula with the whole mass of corrected observations is very 
close. 
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t'or bodies that are nob ** black’' and aro not iii a fully radiating 
enclosure, the laws stated in C(|uationH (I) to (4) iibove (lo nob hold 
good. Their radiation increaHi^s hm rapidly with the temperature 
than does that of a black body, because rcilection plays a part, so 
that its own radiation docs not rcj>reHcnt tlu^ whoh^ stn'am coming 
from it. 

i86. EXAMPLES. 

1. If tb« heat radiattul per muMuid fnun a hlark iKuly varit'H m the fourth 
power of the ubHolute ttunporatun\ and atmumiH 10 wattM per Kiptaro eentunetre 
at 1000" 0., find the teinptu'nture of the nolnr atirfaee, iwniniiiij; it to radiate 
10,000 watts per square eonti metre'. 

Lot the temperature Ihi then 10 

and 10000 H{.r}* 

: 12711(1000) 71M OHSO 'C. 

2. Compare the amoimts of heat hmt per seetmd by Ik » die« at 027 ' C. and 
127“ 0. respectively in an evaeuati'd vewel which in ki’pt at 27 ' (k 

The absolute temperattires an' 000 ’, 4tH] aiul dOOk 

For the first Innly hk 11(000* 200*) 

■■■• B K urn* X tiiHo. 

For the Heeond iKnly Ok Bt loo* 20(0) 

■ ’ B X 100* X I74»; 

. Ki tMso 

K, I7h 

8. Find approximately the thermal emisaivity of a block of inui 1 em. cube, 
apecifie heat *12, and density H, if it takes fi min, to e«»ol from OO’ (k to 00” (1 in 
an enclosure at 0" 0. 

Total heat end tUnl 8 x '12 x 10 > O'tl unitH. 

Heat emitted per second led ; 20f) '022 unit, 

n „ „ |«’r unit area ’005.1 unit. 

The average nundmr of degn»es ditferenee 

lietween the hot IsKly and tint enrhtsure 55 degreeii, 

Kmissivity (Art. 10(1) * ‘0051 : 55 '0001 nearly, 

QIJKSTIONH AND KKEIBISKS 

1. Trace the analogies, iw far as they havi? Itccn ex|a'rtinentaUy iletentuniHk lio* 

tween luminaiii and mm luminous riwliatimi, 

2. How would you invmtigati' the laws of r«dleet»r»n and refraction of dark 

radiation f 

B. How can the length of a dark ray hi determitwl ? 

4. Explain thi fact that the ijuality <if the radiation inside m% etielonure at a 
uniform t®m|Mimtur« is inde|«miitmt of the niitur*’ ««f the Mirlw'o. 

6. Write a short acscount of the variation of tlie radiittion fitm* a hot iMwiy with 
the temperature. How may a standard rwitator l»e proibiewi I 

6. Th® term “radiant himfc“ is sometimes appUixl u* tlio railmtion from a hot 

body, li the term ap|iropriate ? (Hve reasons for your fi|iinitui, 

7. Desorib© experimente by whioh th« iMmitions of the al»ii»r|iti»n Imnda in th© 

oxtrem© infra-r®d due te such awbatatu'ea m quart* and fl«or^i|mr imvo tietn 
determined. 
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CHAPTER XVII 

MEASITREMENT OP TEMPERATURE 

187. METHODS OF ESTIMATING TEMPERATURES.--- 
hi Chap. II WfiB given a doBcriptiori of the mercurial thermo - 

the iiist/nmumt by which, owing to its great practical con- 
vonioiuu^, oi’dinary ttnnperatures are usually measured, its use being 
baaed on the aaaunipl.ion that change of volume may be taken to 
register change of temperature. It has been pointed out in sub- 
KO(iuent chapters that other [)roperties of l)odies change with the 
temperature accDrdirig to laws more or leas accurately known. Any 
one of tlu^ae may furnish the basis of temperature measurement. 
Hence we find in use the following modes of measuring temperature: 

(i) By change of volume, the su])stancc lieing solid, liquid, or 
gas(H)UH. Of li([uidH the most commonly employed are mercury, 
al(‘.oh()l, pentane, t.oluene, or petroleum ether enclosed in glass, and 
of gases, air, nitrog(m, or hydrogen, contained within a glass or 
porcelaiti reservoir, ^bhe rough indications afforded by solids are 
usually bastul on chat\ge of length. 

(ii) By change of pressure of gases. 

(iii) By heat evolved. When a portion of some substance is 
t4ik(ui from a phuu^ of high temperature and immersed in water. 
This is a calorimeter method. 

(iv) By change of electrical properties; either of the thormo- 
ehH’.tric fonu% or of reHiHt4ince, as in the C4i8e of Jjaiigley’s bolometer 
and the platinum thermometer. 

(v) By the radiation emitted ])y a hot body. 

188. LIQUIDS AND SOLIDS AS THERMOMETRIC SUB- 
STANC HES. — As to tluwe the following observations must be made. 
Whatever* mibsUince is employed, the method of graduation, which 
marks tht^ frees^iing p(»int .r*' and the Imiliiig point y \ and then divides 
the btUaveen itito y •— x etpud parts, tekes as its basis the mean 
coefficient of (lilat4Vtion of the mihstimce i)etween those limits. And 
in the case t»f liquids this coefficient is the ap|)aront coeffitnent. It 
has already becni |Kunted out that the tise of such a mean coefficient 
do(w not enaine the relative volumes of the substance at any two 
intermtHiiate poitits to be acctiratoly ascert^vined And of course in 
such a thermometer an error as to the volume of the substance leads 
to an error in tins estimation of temijeratura. 

Moreover, twmh substance (solid or liquid) follows a law of expan- 
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sion peculiar to itself in regard to the extent of its deviation from 
simple proportionality to the tomporaturc. Therefore t^vo ther- 
mometers of dilforent substances cannot agree in their indications 
anywhere except at the fixed points. 

189. Choice of a Thermometric Substance. The tlu'ory of heat 
docs not enable any rational explanation to b(‘, given of tliei'inoiueters 
which purport to measure temperature by the <diange of volume of 
a solid or liquid. 

A more rational supposition is that the risc^ of temperature of 
a body is proportional to tlu'. heat absorbed by it. Dulong and 
Petit therefore compared tlui (dianges of volume undt^rgone by dif- 
ferent bodies when heated with the quantities of heat absorbed in 
the process. They arrived at the conclusion that (he (diange of 
volume was not proportiot\al to tlie h(‘at ahsorlKMl in the case of 
solids and liquids, hut that this })roportionali(y luild good in the 
case of the permanent gases. 

In Eognanlt’s clctominaticn of tlu^ alwoluti* I’xpannitm of monniry tho U^inptT- 
aturea were mwiaurod ))y the^ air thcnnomt'tt^n an<l th«' ri’Hulis allovvtHl of a cotn- 
pariHon between air and nienniry. 


TEMCKHATUUK ah mOKJATEO HY 


Volume of 

Volume of 

An Air 

A MiTcury 

Air. 

Mereury. 

Tliermometor, 

'rheriuometer. 

0“ 0. 

0-000" i\ 



40** 

89-67" 



ao" 

79-7H" 



100" 

1 00*00'* 

lerroo 

100*00 

160" 

un-fisr 

160-00 

159*74 

220" 

228-67" 

220*00 

219*80 

280" 

287*0cr 

280*00 

280*52 


The first two (xjluinns are a oomi>ariHcm of alwtduto volunit*s, the hwt two of 
actual readings. The latter is u«eU?«s extJept for the partii'ular inenniry thermo- 
meter employed, since the indic4i.tio«« of the latter instruimmt vary with the kind 
of glass of which it is made. 

Theoretical reasons thus point to air or one of the more per- 
manent gases as the best thermometrie sulmtiince. 

The conditions that should be fulfilled by a gmnl therrnomotric 
substance are as follows;-*- 

(i) In order that the thermomet^ir may cinithle m to compare 
quantities of heat, the changes of volume prcKlucad by cMpial incra- 
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monts of heat, should be the same at all temperatures, i.e. the coefficient 
of expansion and the specific heat should be constant, i.e. independent of 
the temperature, as measured on the absolute scale. 

(ii) In order that the instrument may be sensitive, the substance 
should expand considerably and rapidly on a small addition of heat, 
i.e. it should ham a large coefficient of expansion, small thermal capacity, 
and high conductivity. 

(iii) Iti order that the thermometer may be of general use, the 
substance should retain the same physical state through a wide range of 
temperature. 

igo. TEMPEltATURK MEASURED BY TPIE INDICA- 
TIONS OF SOLIDS.— There is no ordinary solid substance that 
even approximately fulfils the 
above conditions. 

The change of length taking 
place in a solid bar when heated 
has, however, been employed 
as a moans of estimating high 
temperatures. Wedgwood em- 
ployed a pellet of dried clay, 
anil estimated his tempm’atures 
by observing the amount of 
(uin traction that took place on 
heating. Brongniart employed 
an iron bar omliedded in a 
porcelain slab. One end of the 
bar was fixed in the porcehun, Fig. i87 

the other end was free, and 

in its motion turned an index placed outside the furnace. 

Breguet^s thermometer is shown in fig. 137. 

A thin strip of silver is soldered to one side of a strip of gold, 
and a atrip of platinum to the other side. This compound strip 
is then coiled into a Hjiiral, of which the upper end is fastened to 
a support and the lower end carries a needle. When the tempera- 
ture of the B|nral changes it coils or imcoils and thus turns the index, 
bonei^th which is placed a graduated circle on which the temperatures 
are marked. 

All such thermometers are open to the grmt objection that 
changes take place in the condition of metals, so that after heating, 
they do not return exactly to their original condition when allowed 
to cool to the original temperature. 
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191. LIQUID THKEMOMKTKILS. Of liqtikk, water man 

unBuiteblo atibatanca, baaiumo with a tein|M*mtura riinga tjf only i()0« 
it has a high thermal ca|)aaii.y and a temiHn'iitura of maximum de*igity. 
Moreover it adhereB to glanB. 

For low tettiparnttin^H une haa t»ftan been miidi* <if tharmomcit4ir8 
containing alaohob chlf>riflc^ of phonphonm, or aulpliitlo of aarboii^ the 
grwiuatiou of the iuHtnunentH being imuallv miidt* by eoiii|iariKon 
with the air thermoimvter. 1*he vnluea - LK) , ** III ; and — ll(f 
hfwa been given an the te!n|H'ralureH at. whirls aeia»rding to the 
indicatiotiH of the hydrogen thermometer, theae reH|HTtivoly 

solidify muler atmoHpherie pnmsttre. 

Alcohol is slower in its action thiin mercury bei-auHt^ it is n wc»we 
concluetor. ddie degnam on its scale are miub' longer at the higher 
than at the lower tiunperatures, becimse iberi^ is a considerable irn 
ereime in its rata of expansion with rise of lempiniiiure (Art. 84). 
Tohiene, petr(»leiun ether, imd pentane are also lautabb^ ItipiidH that 
eiui l)e relied on down t<» ttunperatures approactimg - IlHi C‘. 

192. The Meroury Tharmomutar. !\it|nid mercury has n fairly 
wide range trf temperature, a huv thermal rapaciiy, is a goisl etm 
ductor of heat, dtam not adhere tt> gla#i», and may easily tditiuned 
pnre. Ite eoeflieient tjf expan?uon and specilic Ijeat are not ipiite 
constant. As to the etadlicienl of expansinu, however; it may 
noted that both glass and mercury i^xpatid more quickly at high 
than at low temimratnres. The absolute amount of ex|ianiic*n of 
mercury between W' tujd HMi; for example, t« alstut .1 per cent 
greater than the expmsion between tP ami I , but the caparity of 
the glass envelope is also Iiirgtu' at the higher lemperaiure; so that 
Iretween IP and llKf the rate of apparent ex jatitiuon of the mercury 
JB tumrly uniform. 

One of the most important desidernla in llierimamury, vi/n titi 
comfmnrhility of temiMuiitures iia registiu’ed by difleriuit instriiitientii, 
may hi fulfilliMl with tnereiiry iliermiuiteters if t'erlaiii prenitiltiiiii 
\m olmiirvtMi 

We have iilreiwrly seen (Art- i ) that allowiifire nuwi lai iiiiide for 
inequftlitiiM in the Imre of the stem, for deviation from tfie siiinckrd 
height of the Imromiiter when the laaling jsiint m inarkwi, and for 
the tem|Miriiturii of the stern when that is not the miiiie iw lliiii of the 
bullu The heat eiqiieity of the theriiiotiitq^u’ iiwaia to be uliiiwed for 
in exi'Hirimiiuti where thiit is likely to h*wer the letiijauiiiiiri* ihiit i« 
to be iiHiiwured, Tfiorts ti af^i a mirtaiii kg in tli« ttioveiiieiit. tif the 
mercury iti the eiwi of 14 rajiklly ehatigiiig iiiiil the ttiir* 
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cury moves in jerks owing to the surface tension between the liquid 
and the glass. Avoidance of parallax in taking any reading is also 
essential to accuracy. 

Glass. — A very important matter in the construction is the choice 
and treatment of the glass. Great discrepancies may otherwise occur, 
especially at high temperatures. With all mercury thermometers 
there takes place, after heating, a gradual contraction of the bulb, 
which leads to an error in the position of the zero. In every impor- 
tant measurement it is necossary to take the zero reading before the 
reading in (piestion. ()l)8ervations made on Joule’s thermometers at 
ititorvals during forty years showed that the process of contraction 
continued at a gradually decreasing rate throughout that period, the 
amount of change in thirty-eight years amounting to 1" F. 

Fused silica is now much used. The glass known as verve dur is 
one of the best. Behott s normal thermometer glass, known as 
can be used with good results ^ 

up to 450” G. Another boro- 

ailicato glasa, is ox- m A 

totmivaly employed for ther- pig, jjijj 

mometers reatling up to 

500" or 550" G. As, however, the ‘‘after- working” effect is always 
present to Eonui extent, attempts have boon tnado to compensate for 
iU To this end tlie btdb of the thermometer is sometimes made in 
the form shown in fig. 138, with a rod projecting into the reservoir. 
This rod is made of glass whoso after-working is greater than that 
of which the thermometer is composed, and its volume bears such 
a ratio to that of the surrounding envelope that the two changes 
of volume rw nearly as liossiblo compensate each other. Glasses that 
contain either potassium or sodium are most free from this after- 
workitig effect. 

If the bulbs are blown on the tubes certain constituents of the 
gliw* in the bulb are thereby vaporized, and there is thus produced 
a difference between the bulb and the stem. The bulbs are there- 
for© sometimes made separately of thinner glass, and are afterwards 
welded on to the stem, 

Anneiding. — every thermometer that is intended to indicate 
temperaUirei over 100" C. the glass should be annealed by being 
kept for aeveral days at a temperature of about 450” C. and then 
gradually cooled during three or four days. 

Prwisur©. —'Mercury thermometers intended to measure high tem- 
peraturm have, in the space above the mercury, nitrogen or carbon- 
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dioxide gas at high pressure. For temperatures up to 300‘^ C. a 
pressure of 1 atmosphere is sufficient, for 450" about atmospheres, 
and for 5e50" about 20 atmospheres. This ginuit internal pr(*ssure of 
course increases the size of the bulb, and such tliermonu'.ters need 
special graduation. Ihxt the boiling-point of sulphur is known very 
accurately as 444'6‘’ C., and such points enable th(‘ tlun-mometcr to 
be correctly graduated. 

The readings of senaitivo thormomeUn’s are also anet‘ted liy the 
pressure of the mercury, which teials to erdargc^ tlu^ rc^servoir. Tiie 
extent of the error due to this cause may be found by comparing 
readings of the thermometer at various tem})eratU!’<^H, first in a hori- 
zontal and then in a vertical position. Pressure <m the outside also 
affects such thermomoterH. To find the vm>v din^ to this cause the 
thermometer is placed in a suitable li<|uid, ('..g, glyceriue, contained 
in a closed vessel, within whi(‘h by meam of a pump various prt^ssures 
can be obtained, and readings taken at variotm prisssures with the 
temperature constant. 

193 . GASEOUS TIIERMOMETEHS. 'bhe only stibstancea 
that through a wide range of tetnperaUire rtdain tlm sjime state, 
and change in volume or pressure ixi tlu'. sanu^ way, are ( 1 h\ ptnina- 
nont gases. Hence their special value as thermonictric substances. 
Thermometers containing air, hydrogen or nitrogem, whether 
under the same or different pressures, all indicate exat’tly the same 
temperature whatever (above a certain limit) that tem})erature 
may be. The simplest form of tlu^ air thi'rmonit4»er one can 
imagine is a long tnla^ of uniform bon^ containing a movable 
pellet of mercury, the lower surface <if whicdi w«ndd be marked 
273° when the instrument was in melting ice, ami 373“ whtui in 
steam from water boiling under 760 mm. prtwsure. 'Fhe graduation 
marks beyond those limits would he of the samc^ length as within 
them. 

Such an instrument would, however, b<^ open to stnauid practical 
objections. After many trials Regnault decided that it was l>etter 
to keep the air at constant volume and deduce the temperature from 
the variation of pressure. 

The form of comUmt-mlume thermometer intnaluced by Jolly is 
shown in fig. 139. A globe A is conmwttMl l>y a bent i*apillary tube 
AB with a piece of indiaruliber tubing Bc*n, which is prolonged by 
a straight glass tube I>1 open at K to the atmosphere. At B and 
B the tubes are clamped by the side of sealei on to a lamind placed 
vertically. The globe A is filled with dry air an<l the tube BOB 
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with morcnry, which also extends a short distance up the vertical 
glass tube. The indications of the instrument are interpreted in the 
following manner. The globe being in molting ice the clamp D is 
raised or lowered until tho mercury above B stands at a fixed mark. 
Then the pressure of the air in the globe is measured by the sum of 
tho height of the barometric column, and tho height of the mercury 
surface f above tho fixed mark. 

If A be then raised to some higher temperature, the clamp D is 
raised until the morciiry again stands at the fixed mark above B and 
tho pressure of the air in A 
is again obtained. 

Th(i relation between 
these pressures gives tho 
relation between tho tem- 
peratures, of which tho first 
is known. 

In this instrument the 
tul)e AB should bo of small 
l)()ro, otherwise at rather 
high temperatures a some- 
what uncertain correction 
l)0C()mc8 necessary owing to 
the fact that this tube is 
not at the temperature of 
the glol)e. The air thermo- 
meter poss(vsHes the advan- 
tage that the changes of 
volume are so great that tho 
changes of the vessel are negligibly small, the expansion of air being 
160 times that of glass. 

The ty|)ical form of the comtant-presmre gas thermometer is that 
shown in fig. 31. A modified form, which is more convenient and 
accurate in use, is shown in fig. 140. A is tho thermometer bulb 
connected l)y a tuba of small boro B to one limb of a u-tube c, 
to the other limb of which, by means of a tube b', is attached a bulb 
a' of exactly the same dimensions as A. Between A and o is inserted 
a bulb 1) which is filled with mercury that can be drawn off by a 
top. The Udtibe (i is filled to a convenient height with oil The 
tubes B and b' are exactly similar, and lie parallel and close together. 

The bulbs A, a' and the pipes B, B' being filled with dry gas, tho 
whole appratus is placed in melting ice and the mercury in D 
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adjusted until the oil sUnda at the aamo hcdght in the two arms 
of G. The instnxmeut is then rirndy for uho. The bulb a is 
placed in the apace of which the temperature ia to be measured 
(supposed higher than O'" C.), and the rcnnai ruler of the apparatus 
is kept at 0" (J. At the higher temperature the gas exfu^lled from A 
is compensated for by di-awing off mercury from n until the liquid 
again stands at the same ludght in tlu^ two arms <\ (\ thc^ volume of 
mercury drawn oiT measuring the volume of gas expelled from a. 
Then since the masstis of air on the two sithm o{ the pressure gauge 
are the same, and these masst's are at tlu^ wime pressure P, and the 



volumes of the corresponding parts of the apparatus are also equal, 
it V and represent the volume of the bull» A at freoring»|X)int 
and at absolute temperature 6 res|mctively, and t? the volume of the 
expelled mercury, wa have 



The constant-presaure thermometer has tlm disadvantage that ita 
sensitiveness changes somewhat with the (diange of volume of the 
gag, and the constent-volume tluwmometer that the volume of the 
bulb increasei with change of pressure. 

Investigations have recently bean miida by Ilolkirn and Day as 
to the best material for the rwervoirs of gat thermometeri. iV 
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temperatures up to about 500‘’ C. bulbs made of 59^^^ Jena boro- 
silicate glass and containing hydrogen proved very satisfactory, the 
isero keeping constant after repeated heatings and coolings. Porce- 
lain l)ull)s containing either hydrogen or nitrogen were unsatisfactory 
at such temperatures as 1100*’ C., the zero rising and the expansion 
being of a changeable character. The glazed surface of the porcelain 
molted at about 1100*’ G., and at about 1450° C. the porcelain itself 
softened. With bull)s of platinum it is found that at high tempera- 
tures hydrogen passes through the platinum but nitrogen does not. 

For temporatui'cs such as those mentioned, they found that a 
platinum dridiuiii vessel containing nitrogcti was most free from 
s\u‘.h defects; but even with this arrangement, in some cases com- 
l)ustion prodiuits passed through the bulb wall. Hence investiga- 
tio!is at such tompciratures as 1100" G. to 1400° G. are best conducted, 
whenever possibU^, in an electrically heated furnace, which may be 
filled with a gas that is clumiically inert. 

Tdie air thermometer is inconvenient for general use, as for 
each tempiu'aturt^ a delicate experiment is necessary. In practice a 
method oftiui adopted is to compare the liquid thermometer with 
the air tluu’mometi'T within the limits of the readings which are 
actually takim by the liquid thermometer. 

Tlu^ aliHolute scale as realized by the constant-volume hydrogen 
thermonuiter ajipt^ars to be the best ultimate standard to which all 
others are referred. 

194. Devilled and Troost in their investigations on vfipour densi- 
ties (hq.tunnined their high Umiperatures as follows. 

They placed some iodine within a porcelain reservoir which had 
a fine muik that projected from the furnace. As the iodine passed 
into vapour it was driven out, carrying the air with it. When all 
the iodine was vaporiz(^d the neck was sealed and the instrument 
removed and cooled. J'he (piant-ity of the iodine inside was then 
determined by weighing; the volume of the reservoir was known; 
the relative density of iodine vapour is 8*7. At the high tempera- 
tures employed, iodine vapour obeys the gaseous laws very nearly 
as accurately m air. From these data, therefore, the mass of air 
occupying a known volume at a known pressure (given by the 
barom(q.er) m approximately ohUined, whence the temperature is 
deduced. 

liegnault employed the same method, his reservoir being of iron 
and his vapour that of mercury. The reason for employing heavy 
vapours in such experimente is that the errors of weighing bear a 
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smaller ratio to the mass to bo weighed, and the result is therefore 
more accurate. The method is evidently applicable only to the 
determination of some one particular teinj)ei'ature. 

195 . ELEOTEKIAI. ME'PIIODS.-^ At temporatures below about 
— 150°C, the permanent gases deviate so much from Hoyle’s law 

that their nm as thermonietric sub- 
stanct^s inv(dveB sp(H‘ial investigations. 
Ek*(*tri(‘al methods have Ix^cn resorted 
fSy to for the (Estimation of smdi tempera'* 

tUHEK, as w(e 11 as of v(Ery high tempera- 
vsSjJLk tures. 

^ ^ j I I ^ Variation of Electrical Eesistanoe. 

[ 0 —The ele(‘4.ri(Eal resistanctE (»f metals in- 
TOMifiir "S, cmiHCEs with rise of tcEinperaturo (Art. 

LZZZ.] H*hl)- Owing to tluE <n\*treme precision 

‘ Head A ^ I attainable in <i(Eetneal methods of 

nuMisuretnent it has luEon proposed to 
; ” ? utiliz(E this property of tnetals to in- 

dieat»{'. temperaturt\ and with this object 
vM Itbu in vi(EW iIhe heluivi<nu* <>{ pintimun has 
parcuiftfubt- espcEcially studicEd. Sir VVm. 

" SiiEtnens’ pyromt'tt^r eonsiHts of a plati- 

4pu(if*umu«d*. ■ umii \vir<% whomE rcEHisUinee at ()*’ C. 

I HccnraUdy kmnvn, wcmrul on a small 

0 i?d ' |T poreiElain cylimhEr tnuitEWMl in a tulie 

of iron or platinum. i'luE wir(\ which 
fornm jwirt of an edeetrie eirenit, is 
placed in the furniUEe and its nEsistance 
: :: again nnnistircEd. 

The temperat.urcE is thcEn dtEdueed 
from the fornuda riEpremEnting the 
variation of resistatice with ttEinpera- 
ttire m previously detannimEd, Sie- 
PJJJj mmm* pyrorncEttEr is not, howiEver, an 

aeenratiE instrument owing to its mode 
of eonstrticiitEti. 


The perfcEcting (jf the tEle(Etri<E resistanictE tluErtnotm^itEr is due to 
Callondar. Ha found that a wire of pure soft iinneiiled platinum 
may have its temparatunE varied very cEonsidtirably luid yet always 
have the same rasistance when brotight hark U\ any particular tem- 
perature, and that all such wires behave very nearly alike. 
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Fig. 141 shows one of these thermometers. In some of the more 
recent forms a thin platinum wire is wound on a rod of quartz, 
which is then introduced into a thin tube of quartz, to which it is 
fused, so that the wire is embedded in quartz, a material which is 
capable of withstanding abrupt changes of temperature. The wire 
is surroun(h3d by protecting tubes of various materials, such as 
asbestos, porcelain, or steel, according to the degree of necessity for 
protection from destructive gases or mechanical injury which may 
occur in its use. Thick leads connect the wire with the terminals 
at the other end of the instrument, and two similar compensating 



loads conne(3t(Kl to each other at the end also run throughout the 
length of the tul)o to two other terminals. Such instruments are 
used to meaHure temperatures from — 150'' 0. to about 1200® C. or 
1400" C., and within their range give accurate results. 

The method of (Connecting the instrument to its electric circuit 
is shown in fig. 142, The ratio coils are of equal resistance. The 
resistatice of the th(3rmomek3r coil is generally adjusted so that 
between 0" 0. and 100" C. the change in its resistance is exactly 
I ohm. Of the two variable arms of the Wheatstone's bridge one 
contains the thermometer wire P, its leads, aiul a portion of the 
bridge wire ; the other contains balancing resistances, compensatitig 
leads, and the remainder of the bridge wire. The ‘‘iee bobbin'' 
shown is a coil that possesses exactly the same resistance as does 
the thermometer wire P at O*' C., so that any resistance added to 
this arm indicates the change of resistance of the thermometer wire 
(om) 18 
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due to change of temperature; and as (u-ery additional resistance of 
1 ohm indicates 100 ' rise in tcmperaturt^ tlu»< t(mi[)ei'a.ture reading 
IS obtained by 8im|)ly regarding each *01 olnn as a <bgn‘(‘,e. Those 
temperatures thus read are, howc^vcu’, on platinum scale. This 

scale is obtained as follows. 
A hori^.ont.al line is drawn, 
and mark(ul in (h^grees (hg. 
Mb). "I'he, I'esiHt.ance of the 
wire is ac(‘urat(dy dc^terminod 
at 0 C. and 100 (I, and ordi- 
na(.t*H A atid u an*, drawn re- 
presenting th(*H(^ values. The 
line I\) is tlnm drawn, and 
continmsi in both directions. 
When tin* valium of tlu^ resist- 
anct* is tlnit indicaOnl by 
the tcmp(‘ruture on tlu\ plati- 
num wait* is ‘JOO ’. ’'Fo com- 
pare temperatures on the platimtm s(‘aU^ with thow* on tlu^ gas scale 
a reduction is therefore necc^swiry, whieli is givtui by the formula 
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B having the value IT) for ptire platinum, r t»eing the temperature 
on the platinum Hcah\ and d the corn*etion rt‘(|uire<l. 

dlie following figures ilhistraU^ tin* divei’gi^nee la^twcnm the 

scales 


riatinuia HraUn 

Ou« St'HU% 

riHtlnuiiJ Hritln 

Om Hriilis 

0“ 

{)•• (1 

too’ 

•jnri" Cl 

50" 


500’ 

r.nmr’ 

100** 

100" 

1000" 

1 III?" 


Barker atjd Chapptiis on comptring om^ of tlicHi* thermonuUers with 
the mercury stiiudards of tlm lnt.<u*natinnal llureau from — 2.T to 
80”, and with a nitrogen themionmt4W ttp to 100(1^ i\ found a close 
agreement hatwaan the standards and the coma*ted vtducH of the 
resistance th arm om ater, 

Dewar compared the behaviour of eight rcMisOiiice tharmomoters 
made of different pure metals with the hyilrogiui thermometer at 
low temperatures. He found that their resistiuicai diminished 
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towards an asymptotic value below which no further cooling reduced 
them, the law which holds for higher temperatures not holding good 
for very low temperatures. Onnes also found that a special formula 
was necessary for platinum and gold thermometers below — 100° G. 
Hence the resistance thermometer is only of limited usefulness for 
measurement of very low temperatures. 

The resistance thermometer is especially . 
valuable for the measurement of temperatures " 

(within its limits) in inaccessible places, since 
the leads may bo brought any distance to the 
instiaxments. Thus they have been used to 
obtain records of the variation of undergi’oxxnd 
temperatures, as they may be left buried for 
years and their changes indicated by a recorder 
tracing a line on a revolving drum. 

Thermo-electric Couples.-— When the law 
connecting the thermo-electric force of any 
couple with the temperatures of the junctioxis 
is accurately known, such a couple may in turn 
bo used to moastirc tempcratui-os. (Art. 135.) 

If one junction is at O'" C. and the other at 
t'* G., then the clcctro-motive force is repro- 
sented by the formula 

log E = A log T -f B 

where E is the electromotive force of the couple 
in millivolts, and A and B are constaTits. For 
a couple of platinum and platinum-rhodium the 
approximate vahxes are of A = 1-19 and of B 
= '52, and for other couples the constants are 
of the same order of magnitude. 

To measure tnoderfite teniiporatures in inac- 
cessible places, such as the bottom of the sea, 
it is only necessary to place one junction at 
the place in (luestion and the other in a bath 
whose temperature can be regulated. When the galvanometer in 
the circuit shows no current, then the temperature of the two 
junctions is the same; the temperature of the bath being of course 
known, that of the other jtmetion is known. 

The gr«‘at dilficulty is to find metals that are sufficiently homo- 
geneous in their structure. A piece of wire that has been knotted 
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or twisted or stretched or hammered behav<\s to a piece that has not 
been thns treated as though it were a diliiu'ent metal, and the un- 
certainty attaching to this may amount to 10 per cent of tlie quan- 
tity to bo measured. 

The form of a thermo (deeti’ie thermomeUn* is shown in fig. 144. 
The two wires are enclosed in a porcudain tula*, and if necessary this 
is surrounded by an outer tube (d steel, llu' wirt^s are cormocted 
to two terminals at the head of tlu‘. instrument., by mt‘anB of which 
it is connected to its electric circuit. I'his may a (umsiderable 



distance away, ami it is (»f course mu^essiiry tliat the cold junction 
should be kept C(dd. Fig. 1 4b sh(jws the arrangement <»f the circuit. 
An accumulator A maintains a skuuly current nnmd the circuit 
akbb'e, K being an adjustable rheostat, itii' a wire c^f kiunvn resis- 
tance per unit length, and R a suiUtble nisistanci^ Tlu^ function of 
this circuit is to maintaiti a steady ilifleremn* of potential between 
the points bb'. The amount of this potential difference is <leter» 
mined by means of the circuit BNecmii, round which a current may 
be passed fi*om the stimdard cell k, whosti electromotive force is very 
accurately knowtn When B and N are jiutHMl jual these two circuits 
are in operation, the rhoo-stat K is mljusUsl until the galvamnnoter 
o shows no deflection. When this is the case, the ditferenee of 
potential between ii and the extreme terminal of It i» that of the 
standard cell, and the fall along the mtitisured distoncii iiif becomea 
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known. If now the contact P be moved to n', and the contact L 
adjusted so that the galvanometer shows no deflection, we know 
the electromotive force produced by the thermo-couple T from the 
length of the wire bl included in its circuit, and the temperature is 
calculated from the equation given above. 

For temperatures up to 500° C. a copper-constantan couple is 
best, as it gives a larger potential difference per degree; one of 
platinum and platinum-iridium maybe relied on up to 1000° C., and 
one of platinum and platinum-rhodium to about 1400° C. Berthelot 
compared the results from two different couples for five melting- 
points and eight boiling-points up to 1100° C. and found that they 
did not differ by more than 2° C. He determined the constants 4 
and B above by taking observations of E at the melting-points of 
yJnc and gold, which may bo regarded as determined at 419° C 
and 1004° G. respectively. 

196. Radiation Pyrometers. — In this class of instruments the 
temperature of a source of radiation such as a furnace is deduced 
from observations on the radiations that it emits. There are two 
chief forms of radiation pyrometer. In one form the whole radiation 
of all wave lengths that is received by the instrument is concentrated 
oti some form of thermometer, and the basis of the temperature 
determination is the Stefan- Boltzmann law (Art. 183) 

E = - ft;') 

where K is the energy radiated by a black body at absolute tem- 
perature to another body at absolute temperature 6.,^ and a is a 
constant depending on the uiuts employed. 

The other form is photometric, and uses only radiation of one 
wave length or of a small group of adjacent waves. 

The photometric instruments compare the intensity of the red 
light rays emitted from the source with the intensity of the red rays 
given l>y a standard lamp. By using only these rays the complica- 
tions that ensue owing to the changes that take |)laco in the light 
radiations, and therefore in the colour of the light, as the tempera- 
ture of a body rises are avoided. Ked light has also the advantage 
that it is the first to appear as the temperature of a body rises, and 
hence the instrument begins to be useful at the comparatively low 
temperatures at which luminosity begins. The wave length of the 
red light which corresponds to the hydrogen line {X = ’656/a') is a 
convenient standard. 

As the temperature of a hot body rises the intensity of the 
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particular radiation selected increases, accorditig to Planck’s law (Art. 
184). Thus the relation betwcson two temperatures be(‘,()mea known 
from the relation between the intensities of tlu'. red light emitted. 
In making the comparison, if and are the intensities of the 
light emitted at absolute temperatures (\ and fAj, 


then log^, 


E., 


c n _ n 


where C is a constant. 1'he constant C is (h‘t.(‘rmined hy takitig 
observations at temperaturtw whi<‘h are nieasui-t'd by a gas thermo- 
meter or standardized thermo eouphi; and Imving )»een determined, 
is in turn used to find 0^ when 0,. is luiown. 



liadiation pyrometers are of espiudal serv ire for Unuperaturas 
above 1200*' 0, Between that tmnpiU’ature and 2000 ', ineaHurtmients 
may be relied on within a maximum erna* of a few p«w ctuti, depcmd- 
ing on the conditions of the experiment. Wlnu'e tlu^ muncirieal 
value of the temperature is not retpiiretl, )>ut mm’tdy the teat 
whether two tamperattu'aa are the same, tln^ rcstdt is cjuiit^ satis- 
factory. 

In the Mrj radiation, pyromotort kunperatunw are «*stimated hy 
the comparison of the total thertnal ernn-gy emitted by btsliei at 
different temperatures. A section of the instriiment m shown in 
fig. 146, It consists of a short refieeting telescope, which is directed 
towards the body whose Uimjmrature is to he numsured. The rfulia- 
tion after passing along the tul»e falls upon a ctm«’a%‘e mirror M, aral 
is concentrated by the mirror upon a thermo-cimpln a pliiecid at its 
focus. The indications of the galvanometer attached to the thermo- 
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couple give the temperature of the source of radiation. The thermo- 
couple is made of copper-constantan arranged in the form of a cross, 
from which two brass strips dr load to the terminals h, h'. The posi- 
tion of the mirror is capable of adjustment by the rack and pinion 
i\ On looking 


through the eye- 
piece o (the concave 
mirror is, of course, 
pierced at the cen- 
tre), the thermo- 
couple is seen in the 
form of a black disk 
in the centre of the 
field of view. The 
instrument is turned 
on to an observation 
hole in a furnsice 
wall fig. 147, and 
the mirror is ad- 
justed till an image 
of the hole slightly 
larger than the black 
disk is formed on 
the disk. Under 
these conditions the 
rise of temperature 
of the thermo -couple 
is proportional to 
the amount of 



radiant energy that 
enters the telescope 

t\il)a When measuring very high temperatures, such as 2000'’ C., 
a diaphragm is placed so as partially to cover the aperture of the 
telescope, thus reducing the readings in a simple known ratio. 

If the radiation pyrometer bo turned successively on two l)lack 
bodies whose absolute temperatures are 6^ and (9^, and if the deflec- 
tions of the galvanometer are di and tlxen 



In a set of observations by F4ry ranging from 850® C. to 1450® 
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C., the temperatures recorded by the thermo-couple differed from 
those calculated from the Stefan- Bolt/anaim law by amounts varying 
from 0 to 1-85 per cent of the <|uantity measured, the error never 
being greater than IG" 0. 

In the Firy .spiral pynmider the th(U’mo-(‘oupU‘ is replaced by a 
compound spiral (Art. 190) about 3 mm. in diameter and 2 mm. 
wide, composed of platinum and silver, of tlu^ foi-m shown in fig. 148, 
The spiral is fixed at its centre^ and the free (uul carries a light alu- 
minium pointer which moves over a dial on which the temperatures 
are marked. A small refltuTor is plac(‘d at the back of the spiral to 
reflect back on to the spii'al any rays that may 
pass through its convolutions. I'luj gradtiation oi 
the instrument is accomplished by obmu’vations at 
the fusing temperatures of bodic's whom^ melting- 
points are known, or by eompai'isou with a state 
daixl thermom<U.('r. 

197. 1'he F6ry absorption pyrometer is a 
photomtd.ric instrunttmt-, in which ti comparison is 
made between the red rays emitted by a statulard 
eleetrie lamp, ami the sum<^ rays (unitttxl by a 
furnace or othtu’ hot bo<ly whost^ ItunpiU'ature it is 
(hmired to know. The ratliation frtun the ftirnace 
passes through absorbing glussc's whieh nnluce its 
intensity to that of the lamp fihunent whose tem- 
perature is known. Th(^ eoellieient of absorption 
of the glasses Itaving been olUaimsl for the wave 
Kig. 148 length used, the rtH|uired temjMirattire is ob- 
toined. 

A section of the instrument is shown iri fig, 1411. The tube 00' 
is the telescope througli which the hot bmly is seen. Hie rays from 
it pass through two glass wedges e, e' u»a l«‘im i> which brings them 
to a focus at the point (j. At n is plact^l, at an angle of a glass 
plate silvered along a centml strip. A sale tubi! contains a standard 
lamp 4 the rays from which are focused liy a Imm i m the silver 
strip at Cl. The rays from the givim source jwm tli rough o, and 
those from the lamp are reflected from the strip on o, and laith seta 
of rays are by means of a lens l' brought to 11 fmnm and received in 
the eyepiece at 0. 

A piece of red gkw r stops all the rays except the red, sfi that 
the eye sees a circle of red which, before the iiwtriiment is correctly 
adjusted, has a strip aerms it of different irikuiitty. The i-wljustment 
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is effected by sliding the glass absorbing wedges P, p' towards or frona 
one another until equality in the two lights is produced; and the 
scale of temperature is carried by the pinion which moves these 
wedges. A, A arc absorbing plates which, by reducing one or other 
of the two sots of rays in a known ratio, serve, when required, to 
vary the scale of the instrument. H is a screen that protects the eye 
from glare. This form 
of instrument is espe- 
cially useful for measur- 
ing the temperatures of 
bodies that are small 
but very hot. At o' is 
shown the appearance 
when a white-hot cru- 
cible is in the field of 
view simultaneously b 
with the lamp. 

The Wanner pyro- 
meter is based on the 
same principle as that 
last described. The in- 
strument selects from 
the rays emitted from 
the furnace those of a 
certain wave length, 
and compares them with 
the same rays emitted 
from a standard lanq). 

The selection of the rays 
in this instrument is 
effected by a direct- 
vision spectroscope. The rays are then polar*i5?ed, and arrange- 
ments are made stich that each sot of rays forms half the field of 
view of the telescope. By moans of an analyser the brightness of 
the more intense set of rays is reduced to that of the less intense, 
and the amount of rotation of the analyser serves to give the 
relation l)6twcen the temperatures. 

In the Holbom-Kurlbaum pyrometer a low-voltage incandescent 
electric lamp having a hairpin filament is placed in the focal plane of 
the objective of the telescope. The telescope is then turned towards 
the source, and an image of this is focused on to the filament of the 
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lamp. The current through the lamp is then adjusted till the 
filament becomes invisible on the background of tlu', source (the 
temperatures being then the Hani(0» and its valuer is read on a 
milliammotor or sensitive galvammn^ter. The t(*mp(‘ratur(^ of the 
filament is then deduced frotii t.h<‘. vabn^ of tb(^ (nirn^nt through it, 
which is read on a milliarnmeter in circuit with tln^ lamp and its 
battery. 

Th(^ (‘.onnection between the Uunpewaturt^ of tlu^ filanumt ami the 
current is independently determiiUHl, th<» g(meral ridation being 

c r“ a + fir + /T- 

where r is th(‘. temperature of the filament. Thriu' mcaminmients of 
C at known temperatnrt^s give the lhre(^ constants, r should not go 
beyond 1500'' G, The lamps must be agtul to gt^t tlunr permanent 
condition. 

When the hot body whose temptu’ature is rtHpured is not com 
tainod within an enchmun^ tlte walls of vvluddi are at tlm same 
temperature as itself, the reading obtaimai by a radiatiori pyrometer 
is too low. If the body have a lanipblack surfatm tlie <nTor is small, 
but with a mass of metal it may be 100 dcgnn'H or more. The 
amount of error varies according to the nature (d the radiating 
surface. Holhorn and Henning fimml that platinum emits only 
oue-third and gold one (Ughth of tht^ red rays emitted by a l)lack 
body at the same tempiwature, at their respetUive melting points. 
Aexording to Btirgess, if 0^ is tlie temperatures of a black body and 
0*2 that of a body which is of tln^ same photonu'tric IjnghtnesH hut 
is not black, then the following ndation holds; 


Thus wht3n the conafeuits a and fi Imve been deternuntnl, the tern 
perature of a body not black may be apprc»ximately obOiimal. For 
platinum, Lucas has found the values a ’9857 and fi •()()0()597. 
According to these results, if we have a mass <if platirunn which is 
fully radiating and whose tc^mperatnre is 1500*' alwohite, and a second 
mass of the same photometric brightness but is not eneltmed in a 
chamber, then the temperature of the secoml mmn m alsjut 1640® 
absolute, 

198. The work described in this article will illuitrata the 
methods recently used for the determiriatitni of extreme teim 
peraturas, and the degree of aecuracy attainable. 
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Four determinations of the hoiling-'pomt of sulphur, made by 
Kothc by means of mercurial thermometers having above the 
mercury, car])on dioxide under 20 atmospheres pressure, gave value 
444*6()”, 444-63°, 444*79°, and 444*82°. Measurements with a stan- 
dardized thermo-junction gave a mean of 445°. Chappuis obtained 
the value 444*7°. 

For nirlimg-pointii up to about 1200° C. concordant results are 
obtained l)y diflbront observers when the heating is done electrically 
and the temperature measured by a gas thermometer. Thus for the 
melting-point of gold dacquerod obtained the value 1067°, Berthelot 
1065*6°, and llolborn and ].)ay 1064*3°. The method of Holborn 
and Day was to heat a largo quantity of the metal in a crucible in 
an electric furnace whose temperature was measured by a thermo- 
couple. 

Another method was to take a piece of the metal in the form of 
a short tliin wire, wold its ends to two thicker platinum wires, and 
join these wires in an electric circuit which also contained a current 
indicator. The metal under investigation was placed in a heating 
chamber side by side with a thermo-couple, and the temperature of 
the (diamber was slowly raised until the metal fused, and broke the 
elec;tric circuit. The indications of the thermo-couple just before 
the breaking of the (utrrent ga,ve the temporaturo. 

In atiotlier method a suitable metal block was placed in a heating 
chamlxir, and small fragments (al)out *1 grm.) of the substance whose 
melting point was required were dropped on the block. The lowest 
temperattiro at which the substance molted immediately on touching 
th(i block was taken as the melting-point. 

In order to determine the melting-point of platinum, Plarker 
woimd a spiral of nickel wire on a cylinder of hard porcelain. By 
means of a current of electricity through the wire the temperature 
of the cylinder was maintained at about 1000° 0. Inside this 
cylinder was placed a second tube, made of the materials of which 
the filaments of Nernst lamps are composed, which conduct elec- 
tricity when hot. A current passed through the inner Nernst tube 
raise(l it to a very high temperature, and provided in its interior a 
hot chamber in which, by varying the current, any temperature up 
to approximately 2000° C. could be maintained. In this chamber was 
placed a thermo-electric couple made of a platinum wire and a pla- 
tiniundridium wire, a^id another composed of platinum and platinum- 
rhodium. The cold ends of the wires were connected to a suitable 
potentiabmeasuring instrument, and the readings of the instrument 



266 


HEAT 


recorded iit points betwecni 400 ’ C. and 1250 (A, the temperature of 
the hot chamber being recorded hy othcn- independent means during 
this stage of the operations. From tlu-sst' obsiU'vationH was deduced 
a formula allowing the variation of the ehu'troimUive force of the 
thermo-couples with the temperature, d'he ttmipm-ature of the inner 
chamber was then raiseil until the melting of the platinum wire 
broke the electric circuit of the thermo eouphw. I'he value of the 
E.M.R recorded just before the frmU.ure, iimiu'ted in tlie formula 
previously obtained, gave the melting point id the jilatinum. The 
value thus deduced was 1710 (I (1’he melting points of the 
platinum alloys are higher than that of pure platinum.) 

By a similar method, using thermo (‘ouplcm of platinutn rhodium, 
platinum - iridium, and iridium rubidium, Waidner and Burgoga 
obtained values lietween 1706’ and 17.11 for the melting point of 
platinum, and from 1510" to 1541" for that of palladium. 

Botavel detcrmitmd the candle jKJwer of the light mnitted from 
a strip of hot platinum at various moderate temperatures, which he 
measured by methmls previously describeil. Within those limits he 
found that the intrinsic Indlliancy, m eandle pmver per H{|uare centi- 
metre i, was connected with the iemperattire by the formula 

T ; ; 400 + HSi) 

Heating the platinum to melting point, lie found that tlui value of 
b at this temperature wim lO. 'Fhen the melting poirtl <d platinum is 
4oo + 8B9«yiy = i7Gra 

Waidner and Burgess have recently made several th‘terminationB 
of high meltiiig-points by means of the radiation pyromett*r. In one 
set of experiments the furnace that contaitusl the metal U> he melted 
was made of iridium and wiw electrically ht^attnl, its Minid.ure Going 
such that the interior cfiuld be regunled us a ** blac-k lusly ** to which 
the laws of full radiation apply. I'he first stage wm to ctmipare the 
indications of a gas thenmmieter with td ivn t herimi cotiples at 
the melting-points of zim (4I9 antimony (fh’IO ' C*.), and copper 
(1084'* G.), these melting*jK)intji being tak<m as ntn^ady cHtablished. 
From these observatioui the laws cjf the thermo conplcH and their 
constants were determined. Then hy means of the thermo- couplei 
they calibrated the lamp of a Ilolhorn Kurlbiiuiu pynmn*ter, and 
verified the relation between the tempeniiurt^ (r) of the lamp 
filament and the currant (G) {MoiMing through it 

G » a + 



MEABUEEMENT OF TEMPERATUEE 


267 


and determined the constants <jt, [i, and y. Thus they could calculate 
tho tempcirat.uro of the lamp at any degree of brightness. Then 
ttirning the radiation pyrometer on to the interior of the furnace 
in which the m(*.tal was melting, they compared its brightness with 
that of the lamp whose temperature was known. The temperature 
of th(^ furnace was then calculated by Wien’s formula connecting 
the relativ() t(nn})eratures of two sources emitting monochromatic 
radiatioii of diH\‘,rent intenBiti(‘.s. 

They found the melting point of platinum to bo 1753® C. They 
also (U'tcniuined i\m nudting poitits of palladium as 1546'’ G., tan- 
talum 21)10" (1, and tungsten 3080" 0. 

In another sei'ics of (Experiments BurgtEss stretched a thin strip 
of platinum in a blackcEued brass cylinder which was filled with 
pure hydi'ogtEu. On the strip was placaid a very small piece of 
meUd, and Uue strip was heatcEd ]>y an electric current. In tho 
cylindtu’ was a mica window by nuEans of which the piece of metal 
was observed. At tluE momcEnt wIkeii viewed through a tcElcseopo 
the nuEtal was hceceu to nuElt, tem|)(Eratui‘e ohservations were taken 
by a llolborn Ktirlbaum pyromcEter. For iron in difleront states the 
vahuEH of tluE m(‘lting point varitEd from 141 ) 9 ® to 1507 ®; cobalt, 1464 "^ 
nickiEl, 1435 "; chromium, 1488 ". 

Employing practically the same method, hut replacing tho 
platinum strip by a Ntu’ust glowtn*, Mendenhall made tho melting- 
point of rhodium 1907" and of iridium 2292". WarttEuberg, using 
the WatUEiEr pyrometer standardizc.d by tiiking as known the 
melting poitit of gold, and using the Wien Planck fornnila, made 
the nudiing point of tungsten btEtwtEeu 2800“ C. and 2850" C. 

To (Estimate temp(Eratur(Es hiueIi as those at whicE many of the 
meUds IhhI, a nwUatiiEU pyrometer is the only instrument availabliE. 
(IriEtuiwood, using a WaniuEr pynmuEUEr, made the boiling point of 
copper 23 Ur (I Moissaii, using a ciarrent of 300 amp. at HO volts, 
distillcEd 300 grm. of etapper in five minuttEs, and diEtcrmined the 
UEmpfuutuni id vaporization m 2100" G, The distillation of gold 
rec|Utr(‘d a current of 500 amp., and the temperature was deter- 
mined a« 25:10" (:. tuuler atmempherie prcEssurcE. Moissan has {dso 
iUccuEcdcEd in distilling titanium at a temperaturtE which was detar- 
miniEd m 3500" G. This liwt tempcErataire wais that of the electric 
are. Waidmn* and IhirgesH havt* also measured tlie tempcErature of 
tluE tEleetrie an\ Gsing a li^ Cdiatelitn’ pyrometer, they ohtaiiiad the 
value 3450 Cl; a Wanner instrument gave 34Uf G., and a Ilolborn- 
Kurllmum instrument 3420" G. 
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Tmiperature of the. Suti. ■■ • Hy tlia cniargy (»f the radia- 

tion from tlia mn with that prurt‘(*<ling fnnn mniw tmi htwiy whoBe 
tomporatnro in known, tha tampanittin^ of ilio wurfara. of tlm mm is 
calcuhdihi hy Stcvfan h law. 'llu' ramdtH ohtnintMi vary from 6200 ’ A. 
(al)Holuto) to 7(K](3 A. Ah cahmlntHl hy \\ itma law, t}u» t<*m|H*ratura 
of tho Kun romo8 out ahout hfiOU A.; hut tho huu may not Ih^ a full 
radiator, and tho appliration of thr law wotdcl thort^foro givo a value 
Imlow the actual tcmporattiro. 

199. For tht^ (ic‘t{‘rminatt«m of wry low ttmi|n*rattn’OH, l^ewar 
and OmicK have gonorally employed the hydrogen thermometer ora 
thermocouple. From 27^1 A, to 17d A., i tnne'4 made mueh \iHe of 
a exmatantau iron cample. For temperatitren mueli heltav thin, Itewar 
UBcd coijpleH of variotm metaln and alloy.H. Thv eouplen are umudly 
graduattul by eomparimm witli a hydrogen thermornet<*r at three 
points, a?itl th(‘ thret* eociHtantH tlnm cihtnuied give n ftumiula which 
is extemh'd to lower temperatures In one i^et cd c^xperimentH to 
determine the temperntitre of iHjiling hydrogen I>ewar imed a thermo^ 
eonple of plaiimitn and (lerman silver. Its indirationH gave the 
temperature an 14’5‘ A., tlie hydrogen gas thermometm' recording 
14*3'’ A. In another set, reHistiinee thermtmieteiH gave: platinum, 
34*‘ A.; gold, 24" A.; and phuiaum rluaiium, iT A,; and the eom 
stantrvolume hydrogen thermometer, 21 A. dliene liguren ilhin 
trate the divergeneieH and ditlietdiieH of dettuminationM id ntteh Imv 
temperatnre^H. 

200. Tlu» only raticmal thi'ory of tem|w<riiture meiiHnremeni ii 
that indicated in (’hap. XX Y I. 'Hm m*areMt juaetieal approach to 
that)retieal perfection in attained hy the gnu therimuneter. For 
invcHtigatiouH that inelndea wide range of temperattire the hydwgen 
thermometer in Imiit um»d throughout, hut its use net*dH gn^at «kill 
at vary low tarn janiit urea. 

Meaauramenta of extreme tem|mralureH miide hy pyrcmielerH, hy 
the 8peaifie«heat method, and hy the elertrie methods are to lie 
regarded as approximiitiouH only, atid ihis for two reaiions, 'Fhe 
variable <|nantity on whicdi thidr indientiona de|iend Iww been 
generally daterminwl hy ex|)eriment» in xvhieh iuH»llier tht^rmorneter 
was useci, while the ejctension of the law td tdiangr* <d tlie viiriahle 
beyond the limits within which it hm Innm determined i» very 
likely to intrcKlue© further error. 

201. EXAMPLE. 

Tlie Kmlii ef a mi?n*ury wtdi tlit» »t cr; KlO*’, 

wad 200'* U., but feiala 'T too bifb at &0* O. tl»l ili« (D| 
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from the true scale expressed in degrees Centigrade can be represented by a 
cubic formula of the type 

I) = ar d- hr^ + cr^ 


wlioro T in tlu^ reading of tlu*. nuirtnirial thermometer, find the coefficients a, 5, 
and c, and cahudattj the value of 1) for 500“ 0. 


then for 500“ 

I) 


ar 4- +• cr^ = D ; 


lOO^j^ 4- 100006 4- 1000000c rr: 0 (1) 

also 200a 4- 400006 4- BOOOOOOc •= 0 .(2) 

also 50« 4- 25006 4- 126000 (j *1 (5) 

From (1) and (2) 200006 4- 8000000c 0. 

From (1) and (8) 50006 + 750000c -- *2. 


c - -000000268, 
and 6 ---0000798, 

and by substitution a = *00532 ; 

*00532(500) - -0000798(500)8 4- '000000206(500)® 
2'6 19 9 4- 33-2 

14-r. 


iiUFSTlONS AND KXFROISKS 

1. What is an air tliertnometer? How is it <H)nHtrut5ted ? and how is it used? 

What means have we iH^sides the. air thermometer of measuring tcunpera- 
timm between 400“ luid 800“ 0.1 

2, A miuw of eepjHir weighing 8 lb. is Uken from a furnace and placed in 20 lb. 

of water at 10”, If their final commtm temperature is 25“, find the tem- 
perature of the furmme. (Hjan-ifle heat of csopper, *095.] 

B. A wtnght thermometer filUnl with mercury at 0“ 0. weighs 302 grm., the vessel 
ilHttlf wtnghing 88 grm. The thenmnneter is then placed in a hot hath, 
when 4 grm. «>f mercury ims exiHdlwl. Find the temperature of the Imth. 

4. Clive some aeeinmt of the prtH-atitiinm which must be adopted to make it 

|KW«iblc to rcgartl tetuiM^ratures givtuj by the mercurial thermometer ^l8 
accurato to a few thousand tlm of a degrtie. 

5. Dimnw the wdative advantages tif thti con»teint« volume and constant-pressure 

tyjM« of gM thermmnctcr, and ctiumeratet the |;)nm4|>al souroea of errt»r. 
i. Explain how the rciylings of a thcrmtctxniplti may 1m:i roductal te) the scale 
of a gaa thwmomidcr by means of f!om|mriKonii made at a limited numlair 
of iiiliaitecl iMUiita. 

7 * Dtwirilaj the recent iwivani» mado in the methrsla of mercurial and electrical 
tliorwomiifcry. 


Part II 

Principles of 'riicrmodynamics 
(’IIAiTKll XVI 11 

WORK AN1> KNKR(iY 

202. 'rhaniHKlyuamit’H in t\w that t rt*ay t»f tiio application 

of the principles of dynamics to timrmal phentmieua. 

Heat, reganhal aipart from our aeimatitmH, is inotiem a hu’m of 
energy. It will luld much to the cleartumH of tluH ctmeeption if the 
habit i» aecpiired of eipiating t{uatititi('H of energy expreiwed in various 
forms. 

We give here, for the convenitmee of the Htinleiit, tlume dynamical 
definitions which are necessa-ry f(»r onr pnr|Mwtv 

The units of mass, length, and time have been ahmdy given. 

203. VELOCITY, Velocity is rat4^ of mtition. When a body 
is moving with a uniform speed the vehanty k meaimred by the 
distiince imssml over in unit time. Hence 

In BrUkh measure a body is In meiwuro the unit 

moving with unit velocity when t)f vettK’ity in that of a hcaly 
it is moving at the rate of which i« moving at the rate of 
foot pm* mmuL mw cruiitmirt ptr »$mmL 

All maasurementi of velocity ahtndd be exprented in feet per 
second or centimetrei per saeond. 

Thus 60 miles an hmr k a vwltHJity «l SH ft. {»r *4 Km. |H»r minute 

is 5000 om. p«r itooncL 

When a body is moving faster at one time tliiiii at another ite 
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velocity is said to be variable, and the value at any instant is 
measured by the distance which would be passed over in unit time 
if the body retained throughout the unit time a uniform velocity 
equal to that which it possessed at the instant selected for con- 
sideration. 

204. AGCELhlUATION. — When a heavy body falls from a height 
to the ground, it falls faster in each succeeding than in each preceding 
s(K5ond. Its velocity is said to bo accelerated. When a moving 
locomotive engine shuts off steam its velocity is gradually reduced; 
this is a case of retardation or negative acceleration. When such 
a change tak (58 place at a uniform rate, the number of units of 
velocity added or subtracted per second is called the acceleration. 
Hinco the velocity is expressed as so many centimetres (or feet) per 
second, the acceleration, which is the change of velocity per second, 
is oxpn^sHed as so many centimetres (or feet) per second per second. 
I'he ac(uderation of a l)ody falling freely to the earth in England is 
al>out ft. |)er second per second. This is eqtiivalent to 981 cm. 
per second per sec.ond. 

If in two niimittJH thu velocity of a locomotive change from 60 Km. to 24 Km. 
per hour, then the diminution of velocity in 120 sec. in 3,600,000 cm. per second. 
WhentH? the ne*gativt^ a(H',elerii.tion is 30,000 cm. per second pcsr second. 


In units a moving 

))ody poHsesHcw unit acceleration 
wlnm its velocity undergoes a 
change of one foot per second. 


In C.O.S. units a moving 
body possesses unit acceleration 
when its velocity undergoes a 
change of one centimetre per 
second. 


205. MOMENTUM Oli MAvSS-VKL()CITY.~When one body 
A impinges on another body B which is free to move, the body B 
in set in motion. The ejuantity of motion communicated to B is 
taken from that previously possessed by A. This ‘Upmntity of 
motion ” is not simply vehxnty, since it depends on the masses of 
the hcMlies. If the laxly A be caused to impinges at the same rate 
and under t^xaetly the same dreumstances on a third body C, whose 
mass is diflerent from that of B, the velocities acquired by B and C 
will be dillererit, the greater mass will have acquired the smaller 
veh)eity, and the smaller mass the grmter velocity; but the product 
of tins mim into the velocity will be the same in the two cases. 
This prcKiuct m the quantity of motion, or, as it is usually called, 
the mus-velooity or momentum. If two unequal masses are moving 

(Of7B) 19 
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with the same vokK^ity, their momentuni w different. The numentum 
of a moving bodg h tJie prod mi of its mm find ih er’lm'l//, 

Tfnit of Momentum. —A htniy han unit niomeiitum when it in of 


unit niHHH and is moving with unit 
its mass and velocity otjuals unity. 

The Hrilkh unit of inomen 
turn is that of a htnly whose 
mass is one pound moving 
with a velothty of one foot ptu’ 
socond. 

ThuH the uiointnitinn «»f a ImhIv wIioh*’ 
of 50 cm. |u<r m^’oru! ih 1000 utiiln. 

The momontom cjf «. IhhIv woijihin}^ 
15 luikw hour (22 ft. jmt HcHuntU) in 


velocity^ or wlren the prmluct of 

The i*JLS, unit of mcmren- 
tum is thi^ monitmiuin poHnesacd 
hy a body whose mass in one 
gramme moving with a vehmity 
of one eentimetre pc‘r second. 

iniiwt m 20 ^riu. tauviitex with a vi»l(unty 

I ewt. lirni nuixm^^ with a velmnty of 
112 K 22 2101 tmtiH, 


2o6. FOIUJR From the idea of immumtum we proetHHl to that 
of force, the two ideas iming in dynamics very c’hmely ectnnected. 
With the nature of Forctv we are not etmctu’mnl; it i« here simply 
regttrdtMl as that which (cndH to print mr midion in n IhhIij at rrnt^ or to 
change the motion of a moping Imdg cither in dirfctism or magniiudr, 

L(jt UB imagine I grm. of matter at rent in space sensmed 
from tlm attraction of other matter. Let a force act continmmsly 
on this mass for one mwond; it will im|su*t in the mass a certain 
velocity. If tln^ same h»rce act on a mass <»f 2 grm, during 
ono awsornl it will give that mass a vedotntv half as great fw in ilia 
firat ciise, and so on. lint the imunentum pnsluced by this force 
acting for one second is in all eases the satm\ If the force acton 
the mass for more than one scnsmcl it will rontimn* to add to the 
momentum of the htKly at long as it is acting. *Since ftmee is on© of 
tliose quimtitifis that are incapable id direct measurmmint., we there- 
fore use momentum to measure force. If th«^ mmn be already in 
motion wlum the ftirce laigins to act cm it, the elFec.t resulting from 
the femoe applied is exactly the same as if the hisly were origimdly 
at rest. The momentum eomrnutiicatiitl will he in the direction in 
which this force acts, and such ilirection may or may not coincide 
with the direction of the original motion. 

Tim fftmmurB of a form h i/m mormodnm the forcr prmlttrm in Uh mmi 
directum im ntiU time, Tfm unit of force m i/mi form ir/iir/i, aeMng few 
mii tirm m a wnit mms at ml, eamcM the mam In iiww tdlh 

Ufdt mheUy^ or admg on any mm for unit iitm ywm llm tmm unit 
momentum in tk$ dindm of tjy^m of the /orm» 



WOKK AND ENERGY 


273 


The British unit of force is 
that force which, acting on a 
mass of one pound for one 
second, gives it a velocity of one 
foot per second: the name of 
this unit force is the poundal. 

13825 dynes 


The C.G.S. unit of force is 
that force which, acting on a 
mass of one gramme for one 
second, gives it a velocity of one 
centimetre per second : the name 
of this unit force is the dyne. 

= 1 poundal. 


A mogadync is a million dynes. 

8u|)p()Hc an to start moving!; a train whose mass is 200,000 lb., and sup* 

p()H(^ after 10 st'c. the velocity of motion of tlie train is 5 ft. per second, then the 
monusntvnn of thts train at the end of these 10 sec. is 6 X 200000 = 1000000 units, 
and tht^ fonus oxtirted by thi» tmj.(ine. is therefore 1000000 -r 10 ~ 10000 poundals. 


Since the most obvious force iu our experience is that of gravity, 
forces are commonly compared with weights, and we speak of a force 
as (Mpial to the weight of so many grammes or a certain number of 
pounds; bnt this method is practical rather than scientific. The 
connection Ix^twctm this gravitation measure and the absolute measure 
given above may be thus shown : — 

Suppose unit mass to be hold suspended in the air. A force duo 
to gravitation is tending to pull the mass and the earth together, 
ami if the body fall, it is set in motion by this force. When tho 
motion has lasted one s(bcond the velocity accpiired is and since 
the mass is unity the momentum is also g. Hence tho force which 
a(‘ted on the body is g. I’he numerical value of g is not the same in 
diherent latitudes. 

The velocity ac(]uirod in England by a body falling freely under 
the action of gravity is (very nearly) 


in Brithh units 32-2 ft. per 
second. Whcm’.e a foi*ce e(pial 
to the weight of one pound is 
32*2 poundals. 


in C.G.S. units 981 cm. per 
second. A force equal to the 
weight of one gramme is 981 
dynes. 


Fcn’(a*H statcnl in gravitation measures may ho converted into 
al)solute nif^asurcj by multiplying by the vahui of g thus 

I pound = g poundals. | 1 grannne = g dynes. 

Pressure. Hu |)poHe two etjual forct's to be acting in opposite 
diractimw in the sauic stmight line towards atiy point. The result 
is pressure. Wa often have to speak of tho pressure of a gas; this 
means the value of the force on unit area, and is usually measured 
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in grammes weight per square centimetre or jKnnufe weight per 
square foot. 

Comparative meiiBiiroK arc often simply (‘xpresHecl as the heights 
of columns of mercury in a barometer or manonn^ter. 

207. WORK.— The precauling remarks and (hdiniticms are prin- 
cipally useful to us here as heading up to tlu^ conception of work 
and energy, beeaust^ thermodynamics treats (»f Heat as a Umn of 
etiergy. 

Suppose a man to ptill a brick from the grountl in the top of 
a tower. He has done work. If tlie vvto'ght cif the brick be 
doubled the work done is douhhul; if tlu‘ height of the tov^^er ho 
increased the work done is inereastul in tlu^ sanu^. proportion. In 
raising masses of matter the work done is tHpuil to tlu'. product of 
the weight raised and the distanee through which it is raiscMl 

Gravitation Iffnits of Work.^ d'hus, as commonly expressed in 
gravitation tmits, we havc^ > 


WrlKht Ov«rn»m« 

th'lghl 


1 junmd. 

1 flM.t. 

\ font «|Hiiimd. 

1 tfUl. 

1 

\ font bm. 

1 gnuumc. 

1 ci'iitimidrc, 

1 griimm«'» ccntiuudri’. 

1 kilcgrtunmc. 

1 jurtrc. 

I kilngnuiimt’ metre. 


To miso 100 \h, through r»0 ft. is to do f»O00 ftM»t imiuiuIh of work ; to raist) 
60 grm. thi*ough 100 cm. in to dt> 6000 grammo cimtiuiotrcii t»f work. 

The above mode of expressing wc»rk done is that wliich (mcnrs 
first in oriels experience, atid although wcu^k tbun^ against gravity is 
only a particular case, it illustrates the getimml principlt! that work 
is done when a certain fortm is (jverc«nne through a ceriiun <li«tiiince, 
and that the amount of work done is measnnnl by tbi^ {irodnct of 
the force overcome by the disUnce throtigli which its point of 
application has mo vet I 

Work » Fitrm x Dmiujiff, 

Absolute Units of Work. ■ Ihiii ttm'k in dum when, unit fmw w 
mmjmm through %nU dkkmes* The priwjtical units of work given 
above involve the force of gravity. Bince this force is cliflerent 
value at different parte of the earth, »o that a fmitqMUind «»f work 
yr'k^n done in Edinburgh is not preoitely the »ftme m a fcMitqamnd 
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done in London, for accurate measurements absolute units must be 
employed, which are the same everywhere. 

The absolute British unit of The absolute C.GB. unit of 
work is the work done when a work is the work done when a 
force of one poundal is over- force of one dyne is overcome 
come through a distance of one through a distance of one centi- 
foot. lliis unit is called a metro. This unit is called an erg. 
f()ot-p()und((L It is nearly equal It is nearly equal to the work 
to th(5 work done in lifting a done in lifting a mass of one 
mass of half an ounce through milligramme through a vertical 
a vertical distance of one foot. distance of one centimetre. 

O.O.S. UNITH. I nUITIHU ONITS. I 

(Jnivltation 

1 graumHi«c(*ntinu'trt 
1 kilogranutio-nKvtro. 

4*21300 er(/8 1 fcot-pouudal. 


AbHolute 

M ('jiHuro. 

MtMiHure. 

Almobito Measure. 

TOO // crgH. 

100000 // (TgH. 

1 foot-poinul. 

1 foot'ton. 

g foot-poundals. 
‘2240 <7 foot-poundala. 


On account of the smallness of the erg a multiple called the 
jmde is sometimes, especially in electrical work, employed instead — 

1 joule = 10 million ergs. 


Work done against Eriction.— Suppose a horse to drag a load 
along a level road. The amount of work done is proportional to the 


mass moved and the roughness of 
the road, the combined elleet of 
th(5H(^ c‘4)nHtittiting the resistanoo to 
thes motion, which is equivalent to 
fulir(H‘.t ptill against the horse. The 
resistam^e in this ease is due to fric- 



tiotn Kvidently the load could bo Fig. m 

|)ulled along by mi arrangement in 

which a falling mass was connected to the load by means of a string 
passing over a ptdlt^y (hg. 150). 

Hence the work done in this case may also ho measured in 
gravitation units, Tlw amo\int of work that must be expended to 
pull the mass w up agaiti is equivalent to that done in dragging the 
Icmci 
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If the mass is dragged 30 ft., and the force of friction opposing the motion is 
equivalent to the weight of 70 lb., then the work done is 2100 foot-pounds. 

If a body travels freely along a perfectly smooth horizontal table, no work is 
done. The force of gravity is acting on the body perpendicularly, but the motion 
is horizontal, and no work is therefore done against gravity, and friction is absent. 

Friction is one of the most common modes by which mechanical 
energy is converted into heat. 

Let A and B (fig. 151) represent two bodies with horizontal sur- 
faces in contact. Then over the common surface and in a direction 
perpendicular to it there is a pressure or reaction w between the 
bodies. Let now a force / act on the body B in a direction parallel 
to the common surface, just sufficient to keep B in motion, then it 

is found by experiment that for the 

same two surfaces the ratio ^ is con- 

w 

stant. This ratio is here denoted by w, 
and is called the coefficient of Jcinetical 
friction. For ordinary substances, such 
as wood and metals, the value of n lies 
between T5 and *6. Suppose that for 
two metallic surfaces n = then this 
means that a mass B of one metal could be dragged over a hori- 
zontal surface of the other metal by a force acting horizontally and 
equal to one-fifth the weight of B. Since the work done is always 
equal to the product of the force by the distance through which 
the point of application of the force moves, writing s for the space 
through which the force / works in dragging a mass m along a 
rough horizontal plane, we have 

w = rrbg 
/. / = nmg 
W = fs — nmgs 



Fig. 151 


where W is the work done and g is the acceleration due to gravity. 

The coefficient n for a railway train on the level varies from 
TTi- ^ TFT 7 * Taking the former value, the work done in dragging 
a train whose mass is 300 tons through a distance of one mile is 

W = MO X 2240 X 32*2 x (1760 x 3) 

= 1020096000 foot-poundals. 

Work done on or by a Gas. — Suppose a quantity of gas enclosed 
in a cylinder in which a piston works. Let the pressure on unit 
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area of the piston be P and the area of the piston A. Suppose the 
gas to move the piston through a length 1 . Then the work done 
is P X A X / units, which is equal to the product of the pressure 
(supposed constant) and the increase of volume. 


If P in nuuiHure.d in 
<lyn(!H por H(|. <im., 

p(a' H(p (uu., 
11). p(*r H((. ft.., 


and V is measured in 
c.oin., 
c.em., 

0. ft,, 


then W is -in 
ergs. 

centimetre-grammes. 

foot-pounds. 


Thus if loot) c.cin. of gas expands to 10000 c.cm. under a constant pressure of 
10 ® dyncw ptu’ s<j. cm., the work done = i) X 10® ergs. 


2o8. Graphical Representation of Work. — Since work is the 
product of force into distance, a quantity of work may bo repre- 
sented by an area by choosing 
as axes two lines at right 
angles to each other, and mark- 
ing olF a length along one axis 
to represent the force and a 
length along the other axis to 
represent the distance through 
which the force has worked. 

The simplest case is that 
in which the force remains 
constant in value throughout 
the whole distance. 

Thus, if in fig. 152 OF represent a force of 4 units working 
through a distance of h units represented by oi), then the work done 
is repn^acmttHl hy tlu^ rectangle OIXJF, whoso area is 24 units. 

If the forces do not remain constant, but fall, at a uniform rate, 
from 4 tuiitH to 2 units, then of represents the force at the begin- 
ning ami OB its value at the end, and the area ODBAF represents the 
work dom^. 1’he value of this area, IH units, is obtained by multi- 
plying the hmgth 00 hy the ordinate CA, which represents the mean 
value of tlie fora<^ 

If tlu^ ftn*ce diminish from 4 units to 2 units, but in a non- 
utuha’iu manner, then the line which represents its changes ceases to 
l)e straight, and the (XHTect t^ahmlatiou of the area is less simple, and 
often the (xarntruction of a figure on squared paper and the counting 
of ilia small ia|uareH included in the area is one of the readiest means 
of obtaining a fairly correct result for the work done, 

HiipiKWfi it ia kuowu that thii valucm of fcha force after »ix suwessive equal 
intervalii atv ‘i'Sa, 2*42, 2-2, 2*1, aud 2. Then setting up corresponding ordi- 
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nates pe, qi kc,, and drawing a curve througli the |Knnte r, e, i, m, n, o, B thus 
obtaitusd, the retjuired arm is marked out. 

According to Simplon’s Hnk the artnt. of aueh a figure may \m <>i>tiuned thus: 
Let the numksr of ordinatt»H i>e mid; add togntluT tht^ flr«t (irdinato, the last 
ordinate, twice the sum (d the other odd ordinates, and hmr timan the sum of the 
even ordinates; multiply tlu? sum thus obtained by one third (d the common dis- 
tance lM;?tween the ordinates, 

Accordiiig to this the art'ii, is 

i X [4 + 2 + 2{2m f 2-2} 4« 4llh;m h 2-42 | 2*1 } | IfrH. 

For cortniii Bpocial mnm the curva h in one of the rc^gular 
forms, and tho area (‘an ho r.orr(i(;tly aHotulnintHl. 

209. ENERGY. Eiienjjf is working ntfmeiig or the power of doing 
work, and, like work, is inoasuriMl in ('rgn oi* foot potintlalH. 

Ifc requirea an oxponditnro of work to mi a manH of matter in 
motion, and the mass in coming to roat dcH‘8 an amcnint of work in 
some form or other exaeddy tu|nal to that spent npon it. 

Hence whiles the l)ody wa« in motion it poaHoased the power of 
doing this work ~i.e, it ptmHOHHod energy, All moving l>odiea are 
by virtue of their motion endowcul with (umigy, which, when it 
exists in this particular nimle, is (’ailed kinetic energy. 

If a mass is raised through a vertical lunght a certain amount 
of work is done upon the nuiss, and whil(^ it remains in its raised 
position it possesses an e(|uivalcnt amoimt (»f energy. This etu^rgy 
of position is calhsl potential energy. In all (’ast's, if no energy 
has been dissipaUKl, the work donti on a bcKly is thc' nnuisurc^ of the 
energy communicated to it, whether tln^ work has been spcuit in 
actually producing motion (kinetic energy) or in moving the body 
against the action of force into mudi a |)ositicm that it is mpable of 
doing work (potential energy). 

When a hexiy ii in the act of falling, lim energy is (‘hnngirig from 
potential to kinetic. At the irmtiwit of retmhing the ground all its 
potential energy has bean converted into kinetii^, and on strikitig 
the ground the kinetic energy of the moving mass is eonverted into 
heat— another form of energy. During the fall the total (|uaritity 
of energy (kinetic + potential) remains (constant; one increases 
just as much as the other deerefiaes. A vilirating jxindulum is an 
example of continual interchange of kinetic and poUmtial energy. 

Human operations coniiit in the transfirence t»f energy from one 
body to another. 

Energy of a Uovinf Body. ■— Buppaici a ma« m Im raised 
through a height t, then the working foree ii fra, and the distenoe 
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being ,s* feet, W the work clone on the body is gms units. Therefore 
if the body bo allowed to fall freely the energy possessed by the 
])ody at the instant of reaching the ground is gms units. 

But it is known that when a body falls from a height s the 
velocity v acquired on reaching the ground is given by the equation 

= 2/7.s‘, 

whence s = ; 


and, substituting this value for ,s‘ 
work done, wo have 

W <jm X 


in the above expression for the 

2(j 


ex|)roHHion is the value of the mechanical kinetic energy 
of tlu^ mass in moving with a velocity ik 

T\m important restilt may be arrived at in a more general way. 
Tims, HuppoH(^ a mass of matter to be at rest in space far beyond the 
rea(*h of the attraction of any other matter. Lot this mass be m 
grammes, and supjHme a force of /dynes to act upon it for i seconds, 
producing in it a vxdoeity of v centimetres per second, and during 
th(*He / seconds Huppose the body to have moved through 5 centi- 
metres, them we have 

(i) Work done r- /s* ergs. 

(ii) Sinc(^ the average^, velocity is A?; centimetres per second, and 
the tinn^ t Heconds, tinnudore s yL 

(iii) Hums the momentutu produced in t seconds is mv^ there- 
fore the momentum produecul in one second is , and this is 

z 

etfual to /, tberc'foiu' / : 

Thereftii-<^ tlie work done 

W ... fs X hi = hm\ 

t 


Am to tins unitH it. muMt ho rotiKimhoroii that if wo have 


MliW TO 

in pimniK 
in grtiinmt’ii, 


Vt^lofity V 
in ft’nt, jH’r HtH’ontl, 
in wmtnnt’tri'^^ |Htr HtH-nnci, 


then .Energy Imv^ 
m in foofc-pouiuliila. 
JB in «rgH, 


310. i’OWKU. l*<»w«r ia iho rate at uldch a mtichim or agent 
utm work It m imamired by the number of wdti of work done in unit 
tim. 
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A horse-power is 550 foot-pounds per second. 

A watt is the equivalent of the joule— i.e. 10^ ergs per second; 
1 watt = horse-power. 

2II. aENERAL PRINCIPLES OF THE SCIENCE OF 
ENERGY.— The principles of work and energy were originally 
derived from the study of machines. Practical mechanics, which 
preceded theoretical, was directed to the object of getting work out 
of machines. For many years much effort was expended in the 
attempt to discover perpetual motion — i.e. to find a machine that 
should work of itself, that should give out energy when none was 
supplied to it. All attempts failed, and these points gradually 
became clear— that a machine to which no energy is supplied can 
do no work ; that a machine may multiply force but cannot multiply 
energy; and that the true function of a machine is to transmit work. 

Work is the product of force by distance; and in proportion as 
a machine multiplies the force applied to it, it divides the distance 
through which the point of application of the force moves. Thus, 
if hy a pulley a force equal to the weight of 1 lb. raises a mass of 
8 lb. against the force of gravity, then the force must work through 
8 ft. in order that the mass may be raised through 1 foot. 

In driving a machine at least as much work must be done on it 
as can be obtained from it. Mechanical energy cannot be created. 
This is one aspect of the principle of the conservation of energy. 
All the simple machines are conservative, and therefore all complex 
machines are conservative also. 

It was perceived, however, that in all machines there was an 
apparent loss of energy; no machine gives out as much work as is 
done upon it. This energy was for a long time supposed to be lost, 
but it was at last noticed that the disappearance of mechanical energy 
is always accompanied hy the pt'oduction of heat If, then, heat were a 
form of energy, the principle of the indestructibility of energy would 
be made more probable. The experiments of Rumford and Davy 
(Art. 5) led independently to the suggestion that heat was molecular 
motion, and therefore a form of energy. The investigations of 
Joule turned the suggestion into a certainty by proving that the 
heat d&Gehped when mechanical energy is destroyed is always exactly 
proportional to the energy that thus disappears. Friction is the chief 
mode of converting mechanical energy into heat. To these con- 
siderations must be added the fact of the existence "of heat engines 
such as the locomotive, the mechanical motion of which is wholly 
dependent upon the heat produced in the furnace. Heat thus is 
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proved to bo a form of energy. But there are other forms also, and 
it is nocoHsary hero to allude to some of them. When a gun is fired 
a largo (piantity of energy is communicated to the shot, consequent 
\ipou the chemical actions that take place between the ingredients 
of the powder. As we have seen in Chap. XV, chemical action in 
general loads to a production of heat— i.o. of energy. Chemical 
atlinity is tlu'.roforo a form of energy. 

If c‘.locti*ical currents be started in coils of wire suitably placed 
near each otluu*, motion of the coils ensues, the energy of their 
motion being taken from tbat of the electric current. The coils 
also b(H!Ouu^ heated by the passage of the current. An electrical 
current is therefore a form of energy. When a voltaic cell is used 
to prcsluee the current, the origin of tlio energy is the chemical 
actions going on within the cell. 

Without attempting a complete enumeration of the forms of 
energy we may note the following as the chief: mechanical energy, 
(deetrieal (unngy, tlui tmcu'gy of gravitation, heat, radiant energy, 
the energy chemical affinity. 

The HcienctJ of cmergy einl)raceH three great principles — 

The Transmutation of Energy. 

The Consenration of Energy. 

The Degradation (or Dissipation) of Energy. 

(i) Transmutation of Energy. 

The flmt of thene jirineipleH in that there are 8(weral forma of 
energy, and that tmergy may Im converted from one form to another. 
Fnuri ex[a^rimeni« such as those alluded to above, it appeiira that 
energy is rtmdily (mpable of tranmnutation from the mechanical and 
fileetriml forms into the thermal form. In fact every kind of energy 
may be eonviu’tiid into heat. Other tmnsmutotions do not take 
plfiee »0 riwlily m this. Many illustrations of transmutations of 
encirgy might \m given. Thus the energy of a waterfall is sometimes 
employiwl tf» give motion U> the armaturas of dynamo machines by 
which it ii ctiiivertcil into the cmargy of electrical currents, that may 
give out thiiir energy either in the meehatncml or theraU'd form many 
inilfii iiwiiy. I'he tides may lai thus utilised. Twice a day the sea 
riicn round oiir cofiiit. and if in falling it wore madei to turn water- 
wheel*, a vimt iiiiioiitit of wmrk could Ihi obt4dncd. 

A itMin may be ragiiwlad m a miehin© for transmuting the 
chiifidcal energy cunt^iini^d in bis fewai into mechanical work. He 
may work ii triiMirtiill which may turn the armature of a dynamo 
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machine and thus produce an electric curreiit. It might lie arranged 
that this electric ctirront in passing through a wire should heat 
the wire, in which case the energy would have passed from the 
mechanical into the electricah and from the electrical into the 
thtninal form. In any case t.he chemical energy contained in hia 
food maintains the heat of his laKly. 

(ii) Conservation of Energy. 

In thcstj transmutations of energy none is destroyed Knergi/ w 
aUkeA'fidednM^ and uncmUaldr hy any natural agcuu^y; tlHU|Uimtity 
of energy in the physical universe is almolutely lixed This principle 
is not capable of simple direct proof, Imt ‘Mt is the one. generali/^ed 
statement that is found to he consistent with fact in all physical 
science^’ (Olerk' Maxwell). It was suggesietl hy pnrtdy mechanical 
considerations, and was made more probable hy the fact that when 
there was an apparent loss of energy in any imichine htmt was 
produced. Thci establishment t»f a numerical relaticm betweerc the 
units of heat and of wcyrk by the im^thcHlH to bt^ described in 
the next chapter gtj far towards the esttiblishment of the general 
principle, and many theoreticml rcmilts deduced from it have been 
confirmed by observation. 

(iii) Begradation or Dissipation of Energy. 

The dillerent forms in which tmergy can cmist may be arranged 
in the order of their availability by us. Those at. the top t)f s\ieh 
a list are called the highcu’ forms, and thesis at tln^ bottcun t he lower 
forms. Mechanical motion is one of the higlu'st artd the heat 

contained in a body at low temjmrature is one of the lowtwt. Heat 
contiuned in a Ixsly at a high temperattire is more availaldti than 
heat contained in a body at a low temperatures, Whtm energy 
paisee from a more available to a less available form, it i« said U) he 
degraded or diisipated. 

Such transmutfitions of energy ns tlume mentiomid iiIkivc cannot 
continue indefinitely, At eimh change the available emirgy grows 
less, because at each step of the premeas wtmte of t.he energy runs 
down into the lower fonn of difFused heat. Thus, f«>r exiunpki, we 
cannot convert all the energy of a waterfall into metd'iiiniciil work, for 
the water running away {Kwesitm kinetic energy, which i« gradually 
diisipated, i.e. it takes a form which wa cannot employ for any uwi- 
ful purpose. Wa can always transform mechaiiiciil energy int.o Inmt, 
but this heat cannot l>e all transmitted Imck agnin into mechaniml 
energy. 

The chief means by which energy of motion k di»ii|Mited m 
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friction. Energy expended in friction generally becomes diffused,, 
and, except by special moans, cannot bo recovered. 

Since all our physical operations consist in transformations of 
energy, it would appear that when all the energy in the universe 
has run down to the lowest form all such operations must cease. 
The law of dissipation of energy may bo thus stated: Any trans- 
formation of energy is accompanied hy a degradation of energy. The 
more deiinito rwisoning by which this principle is established with 
regard to luMit engines is given in Art. 293 . 

312. EXAMri.KS. 

L If a forwi fujual to tlui of 10 lb. act upon a mass of 10 lb. for 

10 what will ba tha intmu'nttun aatpurad? 

A foroa (Riual to tha waij^hfc of 10 lb. acting on a mass of 10 lb. for 1 sec. gives 
to it a velocity of y ft. par hccojuI. 

Vtilocity conimunicatad in 10 sac. » 10// ft. par second. 

The momant.uin acnuiml by tla^ Inxly is therefore 10// x 10 = 100// units. 

2. If tha frictional ramstanra to a train is arpn valent to 17 lb. per ton, what is 
the amount <»! work dono against frictiotn by a train of 150 tons in a journey of 
10 milanl 

HcHistanct^ to motion 17 X 150 lb. weight, 

1 dstiuica triwcrwxl 52800 ft. 

,% W«>rk (hum . 17 X 150 x 52800 foot-pounds 

184040000 foot-pounds. 

8, A maw of 10 Ih. falls 100 ft., and i« then brought to rest by penetrating 
1 ft. into mud, Find tlm average prewure on tbe sand. 

The totol distance tlmotugh wlii<4i tbe mass falls before coming to rest is 
10! ft, 

Therefon^ the jsitential eni^rgy f»f th*? mass at tht' instant of starting is 

101 X 10 *3 5 X 1010 foot-pemnds. 

Uut this energy fa anti $ - 1. 

" lOlD lb. weight. 

4. A Imllefe of itiaas 1 leaves the muifirde of a gun 8 ft. in length with a 
velmtity of 1000 ft. |Htr wax'ind. Find the averagtt proMsure of the powder on the 
bulkt 

Energy of the bullet Iran® 

i X X (1000)^ 

81250 f(K»t«p(mndids. 

But this energy work dono by the iM»wdfir 
average force X diMtanoe 
. .. / X S 

*% V 

**# / 10410*0 ptmndali 

^ 828 lb, weight nearly. 
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EXEECISES 

1. Eind the number of ergs in 1 foot-ton, having given 1 lb. = 453'6 grm., 1 ft. = 

30*48 cm., and 981 cm. per second per second as the acceleration due to 
gravity. 

2. If the velocity of a body increase every second at the rate of 10 ft. per second, 

how should the acceleration be expressed if. the units are 1 min. and 1 yd.? 

3. Find the magnitude of the force which, acting on a mass of 3 kg. for 4^ sec., 

gives it a velocity of 23 m. per second. 

4. Explain carefully what is meant by saying that a body is moving with an 

acceleration of 5, the units being feet and seconds. 

5. A force / acting on a mass of 5 lb. increases its velocity in every second by 

12 ft. a second ; a second force /i acting on a mass of 28 lb. increases its 
velocity in every second by 7^ ft. a second ; find the ratio of f to /i. 

6. Two bodies (A and B), weighing 10 lb. and 50 lb. respectively, are connected 

by a thread; B is placed on a smooth table and A han^s over the edge; 
when A has fallen 10 ft. what is the kinetic energy (or accumulated work) 
of the bodies jointly, and what of them severally? 

7. How would these answers be affected if the table were rough and if the 

coefficient of friction between B and the table were 0*1? 

8. Supposing the unit of force to be that force which acting upon 1 lb. for 1 sec. 

produces a velocity of 1 ft. per second ; state the relation between the unit 
of force and the weight of 1 lb. 

9. An engine weighing 50 tons moves for half an hour at a uniform rate of 

30 miles an hour, the forces opposing its motion being equivalent to a 
weight of 15 lb. per ton weight of the engine. Find the work done. 

10. How much work is done in raising 80 kg. through a vertical height of 50 m.? 

Give the answer in ergs. 

11. A mass of 50 lb. is dragged along a rough horizontal plane for 10 min. at 

a velocity of 8 ft. per second. If the coefficient of friction is J, find the 
work done. 

12. How much work is done in bringing up the earth in boring a well 100 ft. deep 

and 10 sq. ft. in section if a cubic foot of earth weighs 3200 oz.? Give a 
diagram whose area represents the work done. 

13. How much work is done in one stroke of a single-barrel air-pump if the area 

of the piston is 10 sq. in., length of stroke 6 in., pressure inside 17 in. of 
mercury at l)eginning and 16 at the end (varying uniformly), and pressure 
outside 30 in.? 

14. A body, whose mass is 100 grm., is thrown vertically upwards with a velocity 

of 981 cm. per second. What is the energy of the body (1) at the moment 
of propulsion; (2) after ^ sec.; (3) after 1 sec.? 

15. A shot of 1000 lb. moving at 1600 ft. per second strikes a fixed target. How 

far will the shot penetrate the target exerting upon it an average pressure 
equal to the weight of 12000 tons? 

16. A cannon-shot of 1000 lb. strikes directly a target with a velocity of 1600 ft. 

per second and comes to rest ; what is the measure of the impulse ? 

17. What is the horse-power of an engine which can project 10000 lb. of water 

per minute with a velocity of 80 ft. per second, 20 per cent of the whole 
work done by the engine being wasted by friction, <fec,? 
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J8. A body weigbiii^ li kg. (y = 980 cm.-sec.) and resting on a rough horizontal 
surface, re(j[uires a weiglit of at least 200 grm. connected with it by a thread 
over a pulley, and hanging vertically downwards, to make it move. Suppose 
the saini^ body to be free (that is, not to have the weight attached to it) and 
to be moving with a velocity of 10 m. per second, how far will it continue to 
mov(i on the rough plane before coming to rest? 

19. A body weigliing 10 lb. is placed on a horizontal plane, and is made to slide 

ovitr a (listantH! of 90 ft. l)y a force e<jual to the weight of 4 lb.; what number 
of tin its of work is done by the force? If the coefficient of friction between 
the body and the plane is 0*3, what number of units of work is done against 
friction? At tlui instant the 50 ft. have been described, what is there in the 
stat<‘ of (In' body to show that the former exceeds the latter? 

20. A man carries 2 c. ft. of cork up a hill 1000 ft. high. Find the work done 

by tln^ air in raising the cork. 

21. It. bas been a.sHt'rt('d that tluin^ is a ttmdency for energy to become dissipated 

as lu'at. Disimss this staienamt, and give reasons for your conclusions with 
regard to it. 


CHAPTER. XIX 

TIIF MK(^HAN1(JAL EQUIVALENT OF HEAT 

213 . Tha nuH'haiiical ctniivaloiit of boat is the numlior of units 
of work that art^ (M|uivalent to one unit of lioat. It is generally 
(‘alltMl ,Iou 1 (^’b (M|ui valent, after the great experimenter who deter- 
niiiuMl its value, and is denoted hy the letter J, ^Several methods 
liav(^ htHUi ernploytul in its evaluation. A known quantity of 
nuudninienl tmt'rgy is converttul into heat either directly or through 
Botne inUninediate form, and the heat produced is measured in 
ealorit^H. Tlu^ quantity sought is the ratio between the number of 
units of work expendetl, and the number of units of heat produced. 

214. FUICrnON METnOI).->^Tho moat satisfactory early re- 
sults wtu’e obtained from the friction of water and other fluids. 

Joule's Determination, iloule’s apparatus is shown in fig. 153. 

A tliin cylinder B of copper was filled with water and placed on 
a wootbm stand. Inside the cylinder rotated a brass paddle-wheel 
having eight vanes, while fastened to the circumference of the 
vesHcl n wcrt\ four vanes with spaces cut out just large enough to 
allow the rotating vanes to pass through. A horizontal section of 
the (cylinder mu\ vanes is shown at A, and a vertical section is shown 
at 0 ,* whmi the black portions represent the vanes of the paddle- 
wheel, and the shaded portions represent the vanes projecting from 
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the vesseFs sides. This arrangement ensured that the vanes of the 
paddle-wheel when in motion did not carry the water round in front 
of them, hut forced their way through it. 

The paddle-wheel was set in motion by weights w and w', which, 
by turning the axles of the pulleys P and p', communicated motion 
to a roller R by means of the cords C and c'. 

To render the loss of energy as ‘small as possible the axles of 
p and p' rested on friction wheels indicated at //. The roller R was 


Q h 



Fig. 163 


connected with the axis of the paddle-wheel by means of a pin j?, 
and could be disconnected therefrom, so that the weights could be 
wound up by the handle H without turning the paddle-wheel in the 
calorimeter. A delicate thermometer passing through an aperture 
t enabled the temperature of the water in B to be read to de- 
gree C. 

In one particular experiment the mass of the weights w, w' was 
26318*2 grm. (nearly 60 lb.), the distance of their fall was 160*05 cm. 
(about 64- in.), and they were allowed to fall 20 times. Then the 
work done by the falling weights is 

W = 20 X 160*05 X 26318*2 

= 84244558 gramme-centimetres. 

The water-equivalent of the calorimeter B and its contents was 
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6315*97 grm. (about 14 lb.), and the rise of temperature recorded 
by the thermometer was *3129'^ C. 

Therefore the heat produced 

11 = 6315*97 X *3129 
= 1977*27 calories. 

Whence J = gramme-centimetres 

1977:27 \ per calorie. 

Special experiments were made to ascertain the corrections 
necessary to be applied to this result. 

(i) For radiaiion; the method is exemplified in Art. 167 on the 
laws of c-ooling. 

(ii) For friction of the axles. The amount of work done in turn- 
ing the paddle when there was no fluid inside B (with the same 
velocity as that ac(pnred by it in the actual experiment) was deter- 
mined by placing small weights in the place of w and w'. 

(iii) For the energi/ spmt in the impact of the weights with the 
floor and in the reboimd. 

(iv) For vibrations produced in the apparatus. 

Ela))orate care was taken to determine the effect due to these 
various causcss. 'Ihc corrected result for the above particular 
experiment was 42394 gramme -centimetres. The final result 
adopted l)y doule from the whole of these experiments was that 
one calorie is equivalent to 42400 gramme-centimetres, i.e. 41*6 
million ergs. In British units one pound -degree -Centigrade is 
cqtn valent to 1390 foot pounds. Joule employed the same method 
with different Hulmtiincea, e.g. using mercury instead of water in the 
calorimeter. The value obtained for J was very close to that given 
al)ove, showing that it was independent of the substances employed. 

He also nujastired the heat developed by friction and the w*ork 
done when water was forced through capillary tubes. This method 
gave a value for J almost exactly the same as that obtained by the 
method above described. 

Eowland's Datermmation. • In 1879 Professor H. A. Howland 
of Baltimore published an account of an elaborate repetition of these 
experiments. He was led to repeat them by these considerations. 
,Ioula c^xperimontcKl on water of one temperature only, assuming, on 
the authority of liegnault, that the specific heat of water was con- 
stfint (icie Art. 79), an assumption which required testing. More- 
over, Joule did not reduce his temperatures to the readings of the 
air thermometer, atul although his mercury thermometers were made 

(€ 178 ) ^0 
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and graduated with extranio eare^ (^xperit'nea hIjowh that the reading's 
of such thormotiuiterH nuist be received with ciuitioii. Thirdly, the 
value of the specific heat of brass wmil by .loulc in calculating the 
wator»oqnivalont of his caloritneter was too higli. And lastly, the 
rise of temperature ol)tained by doule in his cxpca-innmtH was small, 
so that any error in reading wouhl bear a consitlcrabh^ ratio to the 
whole change and hirgely afreet the result. 

Rovvlaiul therefore dcwisod 
an apparatus on a much larger 
scale. An engine was em« 
pioyi'cl t<j turn the paddles; 
(*a(di expcuimmit lasted from 
30 in UO minutes; the calori- 
meter held 8 ’75 kg. (20*3 lb.) 
of watm*; and the riaetd tern- 
P perature iihudned in the 
various thnerminations was 
fnuu IT) to 25’ (I d'he essen- 
lial piUiionH of the apparatus 
are imlicuted in fig, 154. The 
calorimeter A A and its accea- 
stu'ieH were fastened to an axle 
vvhieli was suspended by 
a et>rd r. Th«^ pac hi le wheel 
was connectt'td with a shaft 
rW, whieh |mssed out at the 
beg, tom of ealorimoter, 
fuul which terminatetl in a 
fig, bevtdied wheel connected with 

a shaft driven by a belt from 
the engine. The number of revolutions of tlie jaMhlliv wheel was 
registered by a counter h, which was turniHl by a screw on the 
shaft (L The paddle ^ wheel esmsisted td thirty 'two small vanes 
affixed to the central axis in hmr htn*i^.onUd rows, which jawed 
between five similar rows of ten vanes, each flxecl to the eirouim 
ference of the cmlorimeter. All these viines wnm pieretsl with 
numerous circular holes. The axle uh carried a wheel M to the 
circumference of which, by mmrm nl tafici that jmssed over pulleys, 
the welghte (f were iuspended The shaft «li iilso cmrriiMl a long 
arm supporting mawes f, r, by mimni of whieh the moment d 
inertia of the calorimeter and iU could lai 
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When the paddle-wheel revolved the calorimeter tended to rotate; 
this tendency was balanced by the pull of the weights op. The 
moment of the force tending to turn the calorimeter was known 
from M the sum of the weights o, p, and the diameter (D) of the 
torsion wheel hi The work W done when the paddles made N 
revolutions was equal to ttNMD. 

The calorimeter was surrounded with a water jacket, polished 
inside, and corrections were made for radiation. The results, which 
were very concordant at the same temperature, were as follows : — - 


Tmup. 

Value of J. 

Temp. 

Value of J. 

5" 

4'2r2 X 10' ergs. 

20“ 

4-17!) X 10' ei-ga. 

10'’ 

4-200 X 10' „ 

25“ 

4-173 X 10' „ 

15*^ 

4-18il X 10' „ 

29“ 

4-170 X 10' „ 



85“ 

4-173 X 10' „ 


It will bo seen that the value obtained for J diminishes as the 
t(unparature rises from 5‘' to 29“, and then increases. Rowland’s 
coticlusion was that this effect must be ascribed to variation in the 
spet'.ific heat of water, which, according to these experiments, has 
a minimum value at about 30” C.-*— a conclusion which more recent 
work appears to place beyond doubt. 

215. KLEGTRICAL METHODS. ^It follows from the defini- 
tions of the absolute electrical units that when a quantity Q of 
electricity pjisses l)etw6en two points whose difference of potential 
is E, the work W = QE ergs. And in the case of a uniform 
current C flowing for time t through a wire of resistance r 

W = C%-/ergs. 

*Tho passage of the current through the wire produces heat; let 
fl be the number of heat units (calories) thus produced. Then 
assuming that the energy of the electrical current expended in the 
conductor is the equivalent of the heat produced in it, we have— 

. W _ Oht 
^ ^ ^ -ff* 

Continuous Current —To determine J by this method it is thus 
necessary to pass a current of electricity of known value through a 
wire of known resistance for a certain definite time, and to ascer- 
tain the rise of temperature that takes place in a known mass of 
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water or other liquid in which the wire is inunersed. The arrange* 
meat of the circuit in indicated iri fig. 1 ) 1 ^ a battery, a standard 
galvanometer, the values of whose indications are acumrately known 
in absolute units, and the wire wherein the luxating eflectt is to be 
observed, being placed in series. Fig. Ibb shows a common labora- 
tory form of calorimeter somewhat resembling .loules. The wire A 
is fastened to thick terminals, which are comuH’itsi witli the binding 
screws d, (i, which are joined up tt) the wires a, a in fig. 9 1. Througli 
the wooden lid of the cadorinuvter also pass a thermometer h and the 
rod of a stirrer e. In Joule’s apparatus th<^ wire A was of platinum- 
silver, in length about 4 yd., l>ent back mi itstdf like, the coils of a 

resistanet^ box, and fastened to a glass 
ttibe, the whole bcdng coated with shellac 
varnish. Its resistance was *9895 British 
AsH(K’iatit>n unit, vessel F was of 

copper, and ctmkuned abtnit a gallon of 
<iiHtilled watm*. It. was supported on a 
wmalen frame and carefully protected 
from draughts, and to (linunish radiation 
it was surrountltnl with a layer of silk. 
Joule’s stirrer was driven by clockwork. 

In each experiment the current wiw 
alkuved in pass fnv mm hour, and the 
corrections in be applietl fc»r loss of lumt 
from the calorimeter during that period by raiiiatiim and conduc- 
tion were obtained by special experiments. 

We give the details of one exjmriment. 

The current C wm *3073 absolute (MI.S. unit. Tlui resistance 
,E was 989530000 almolute utnis. I'he time i wiw 3fH)0 seconds, 
whence the electrical energy evolved was 

W = cr^iti ^ (*3073)'-^ X mm:i x :m x UF 

» 33939 X UF «n’gs. 





The water*e<|uivaletit of the calorimeter and its vmtkmtM was 
608T96 grm., and the rise of temjMwature l“3l*i‘" il Whence the 
heat li =5 6081*96 x 1*312 7979*53 ciiloriaa; 


*% J = 


W 

II 


33639 X ICF 
7979*li:i 


42*16 X HF. 


The final r«ult obtained by this iiiothcid difftirtal by akmt 1 |W 
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cent from the value obtained by the frictional method, and tlie 
discrepancy caused Joule to repeat the frictional experiments, with 
the result that their accuracy was still further established. The 
earlier results obtained by the electrical method were not entirely 
satisfactory, but recent more accurate determinations show no 
discrepancy with the results obtained by friction. 

Transient Currents, — Joule also employed induced currents. If 
a metal wire (or mass) bo moved so as to cut the lines of force in 
a magnetic field, transient currents are set up in the wire, and an 
expenditure of mechanical force is necessary to maintain the motion 
of the wire over and above that which would be necessary to main- 
tain it if no magnetic field were present. The energy of the electric 
currents produced is the measure of this additional mechanical work. 

tloule’s arrangements 
were as follows:— 

A number of strips of 
soft iron, having oiled 
paper between them, were 
i)()und together. Round 
tins core was wound a 
closed coil of silk-covered 
copper wire, and the coil 
was placed in a glass tube 
A, fig. 15G, which was filled 
up with water, and mounted 
on pivots so that it could 
be rotated. One pole of a 
strong electromagrict being placed on each side of A, the rotation of 
the coil took place in a strong magnetic field, and an induced cur- 
rent passed round the coil every semi-revolution. The energy of 
th(^ currents thus produced was converted into heat which warmed 
the wire, water, glass, paper, and iron. The rotation of the coil was 
prcKluced by the fall of weights, the rotation being maintained 
for 15 minutes. The rise of temperature of the water in A gave 
the means of determining the heat produced. Corrections were 
made— 

(i) For radiation as before. 

(ii) For the heating of the water by its shaking about, and by 
conduction from the pivots on which the rotating coil was mounted. 
The amount of this was found by rotating the tube with the circuit 
of the electromagnet broken, and subtracting the rise in temperature 



Fig. 160 
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thus produced from the rise when the chu'tromaxtud- circuit was 
made. 

(iii) For the heat developed iu Mu*, iron core within tlu^ coil hy 
induced currenlH. llu*. amount of this was found hj repeating the 
experiment witli the circuit of the inside coil hrokt*n. 

(iv) For the energy re(|uired to maintaiiu wlu‘n no iiuhietive 
action took place, the velocity of rotation actually ohtained in the 
experiment. 

The result gave for the (*(juivahmt of a calorie 45*1 million ergs, 
a result considerahly higher than that given l>y thv fi-ictional exp(a*i- 
ments. 

In later experinumts matle on Muh principle !»y Violhs, a disk of 
metal was causetl to rotaU^ IjetvvtHm the poh^s of a powtu’ful ehu^tro- 
niagnet. Powerful (‘h'.ctric currents were pr(Hiut*etl in the disk, 
which thereftu'e ]>ecame hot, while, at the sanu^ time, the reac^tioim 
set up rendered the disk diflicult tt» turn. Tlie heat protluetul in the 
disk is the e(|ui valent of the mechanical energy exp(‘mled in turning 
it. The rotation of the disk was prcxlmaul hy falling weights as iu 
Joule’s experiments; the heat protlnced was measured hy rapidly 
transferring the disk after each opt*ration to wattu* in a eah»rinu5ter. 
After correcting for tlu^ various stmrees of (*rrtu’, Viotle ohtained the 
value 42’7 millioti ergs as the (spiivalent of tlu^ cahu’i<^ 

2x6. MKTHODS FROM KXRKRIMFNTS ON OASHS. His 
shown in Arts. 255 and 2.11) that wlum a mass of gas is compressed 
heat is evolved, and, converm^ly, that wlu*u such a mass (expands 
heat is absorbed. Joule made tise of metlusls ftmnded on those 
principles. 

(a) Work dona in Compressing a Gas. l*he principle n! this 
method is to expend a known amount of work in compressing air in 
a reservoir, and to fiiul the tumntity of heat produced during the 
comprosiion from the rise in tmnperat4ire of a nuws of water in 
which the reservoir is imnunwd. 

In fig. 157 li represents a copp«»r reservoir of 2257 c‘.cm. (about 
144 c. in.) (mpacity standing in a vessel of wafer l». Into this 
reservoir air was compressed (»y the pump o. The entering air 
passed first througli a tube <) eemtaining calcium ehlorhle in cjrder 
tliat any moisture present might he removed, then tlirough a limdcn 
spiral immeweel in water eontaimwl in a ve^isel in order that it 
might take a known temperature rein! by the very delieaui thar- 
momoter then through ii tulm a into the re«i:irv<iir it The cmlori- 
meter i), which wm of tinnod iron, hail douliki walls with an air 
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space between to check loss of heat by radiation, and the tempera- 
ture of tho water in it could be read very accurately by the ther- 
momt^er The thermometers and at the beginning of the 
experiment gave tho same reading — the temperature of the room. 
About 300 strokes were then made with the pump until the pressure 



157 


in R had riHon to 22 atmospheres, when the pump was stopped and 
tlie temperature of the water noted. Then we have — 

Work doM,’—k volume Vj of air at pressure (atmospheric) 
comf)rossed at an approximately constant temperature to a volume 

IT 

V.j (that of tho roaorvoir li) whence W = I\Vi log^ (See 
Art. 252.) ^2 

Heat produced when z grammes of water are raised through C. 
« zy gramme-degrees, 

.1 = W = 

Ileat was produced by the friction of the pump. 
Tho correction for this was calculated by working the piston 300 
times without compressing air, and subtracting the rise in tempera- 
ture due to this cause from tho original reading. 

The correction for radiation was made by the ordinary 
method. 
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In a particular oxpcriinont the following values ware ol)tained: 
i\ = 1049 grm, per s(p cm., Vj — 23482 c.cm., = 2237 c.cm., 
xy = 1325 grammc“(l agrees. Whence 

W = 1019 X 23-182 X 2-302(i X log.,, 

= r, (>700000 X log.,, lO'-iO 
= OfiTOOOOO X 1'02()77 
= 57878000 gnuuuuu-.<!ntimt'tf<‘H, 

and 11 = 1325 gramme degrecH; 

.] = 437(H) gnuume centimetres. 

=ss 42*9 X 10*^ ergs. 


(b) Work done during the Expansion of a Oat. W’hen a gas 
expands, driving back the atmosphere, it dtu^H wtu'k in raising the 

atnumphere (Art 239), 
crr-<*^ vvhen the pressure 

1 fe of the atmcm[)here is 

j U sl. \ r ^ B known, the work done 

^'ii \ therfd'jy is calculable. 

1 1' '"’ doing thin work an 

tHpnvalcni aimmnt of 
, (frfcwj ijRifiil ^ disappears, which 

■ I is abstracted from neigh- 

IAJZIJj! ' > Lt , bonring biMlies. 

Csimpressetl air wa>s 
rig, i&s ctmUiiruMt in a reservoir 


ti (fig. 15H), and when 
a itopco-ek wm tunuMl ijassed through a spiral h and a tulie It into 
the bottom of a vessel n containirig water, and standing inverted 
in a larger vessel of water ct The resiu-voir It and spiriil h were 
immersed in a known mass of water, the temperiiture of which wai 
read at the l>eginning and at the end tif the experiment by a delicate 
tharmometcir L 


The following are the resulte of one exiMuament; 
ffm^k dmm by Ihe f/ai.--A volume of 441121 c.cm. of water was 
driven from li agiiinit an atmtmpherie preisiire of lOltbi grm. |jei 
square centimetre* Hence work thme 


W » 44S2I X 1040*5 

» 4(1428150*5 gmmme'Ceniiiiiiittm 
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Heat absorbed. — The heat absorbed was that given out by 
10G82 grm. of water surrounding R in cooling through *09666° C. 
Whence 

H = 10682 X -09666 


= 1032*52 calories, 
j ^ W _ 464281505 
H 10325*2 


= 44992 grm. -cm. 


= 43*7 X 10® ergs. 


217 . METHOD FROM WORK DONE BY A STEAM 
ENGINE.— Him has attempted by experiments on steam engines 
to obtain a value of J by the converse process in which heat is con- 
verted into work. 

(i) He measured the quantity and the pressure of the steam that 
passed into the cylinders of his engine in a given time. From these 
data were obtained the number of units of heat H^ that passed into 
the cylinders. 

(ii) He ascertained the amount H 2 of heat which was not con- 
verted ititc) work, but which remained in the steam when it entered 
the condenser of the engine, by causing it to warm a known quantity 
of cold water through an observed range of temperature. 

The diliei-onca 11^ -> Hg represented the heat-equivalent of the 
work done by the engine. 

(iii) The work W done by the engine was measured in dynamical 
units by means of an indicator diagram (Art. 279). 

Such measurements do not admit of a high degree of accuracy, 
but in his latest series Him obtained a mean value for J diffeiing 
very little from that obtained by Joule. 

218 . RECENT DETERMINATIONS.— Many careful evalua- 
tions of the mechanical equivalent of heat have since been made. 

Griffiths employed the electrical method. The calorimeter con- 
taining the wire and the water to be heated was closed by an air- 
tight lid, and was suspended in an enclosure which had double 
walls, the space between them being filled with mercury. The 

lEiH 

formula JH = Chi in Art. 133 may be written JH = where 

K is the difference of electrical potential between the terminals of 
the wire whose resistance is r. Griffiths kept E constant by means 
of a regulating rheostat, and measured E by balancing it against 
a number of Clark standard cells in series. The mercury ther- 
mometer employed was standardized in terms of the hydrogen 
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scale. The temperature range was lietween 15" (1 and 25” C., ar 
his final value was 4vl92 joules per calorie. 

Messrs. Schuster and Gannon also employed the electric 
method, writing the ecjuation in the form JH CJEl. The vah 
of the current C was ascartfiined from the c|uantity of ailvi 
deposited in a silver volumeter, and E was measured by halancir 
against 20 Clark cells in series. Their rc'sult at 19 (I was 4T1 
joules per calorie. 

The experiments of (Ulhmdar and Ilarnc‘s, ch'scrihiHl in son 
detail in Art. 76, furnish one of the most actnirate meiwuremeri 
of the value of J. Using their latest vahm for the electromoti^ 
force of the Clark cell (1*4.15 volt), tludr value for tlia moan cmlor 
is 4*185 joules. 

Employing the friction metlnsh Messm, Ueymdds aiut Mcku’I 
made soma experiments on a large scmle for the cletermination 
the mean value of tl Imtween 0" (I ami 100 (I 'rhey mnploymi 
steam engine of 100 h.p. fitted with a hydraulic brake which eo 
sisted of paddles working in a vessel of water. The watm* flow* 
into the vessel at about O'* C, and otjt at alsmt 100*’ (1 Their fin 
value for the mean calorie wiui 4* I Hi jendes. 

2 ig, Simmary of Eesults.— The valnes iduiunwl for J by tl 
various experimenters and metluKls are: 


...... ■ 





IVtonfru ' 
uin? c 

Joulfl (final) 

Frictimi 

ur 

Rowland 

Friction 

r to ifi"’ 

(Iriilths 

KliH'lrical 
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Boluistiir and Gannon 

Klticfcriml 


Roynolda and Moorlty 

Friction 

0" m w* 

Cjartendar and Bamci 

KIcotritml 



Klootrical 
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Frictirm 

10" n* tr 

Oniittiiu and Iili|«ul 
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>•« 
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, 


Vmnip uf Jf, 


rtM»t 

r*M4« 


lisstinit* 

e«ntni|* 

lirgi |if*r r e 

iwr r r 

l»r re 



imifi 

-I'lar. X 10? 


laoii 

X 10’ 

770 

liei 

lint X 10’ 

770 

Mill 

lint X to? 

777 

mm 

(iss X 10 » 

77711 

I3IIP 

tisfi X to' 

777 

liiis 

4 IS3 X lO* 

77(tMI 

mm 

ti«0 X 10' 

77711 


rm> X iiF 

i 

777 i 

i 

iiiiw 1 

1 lisa X lo' 


It is now generally hald that Joulti’s vaiuo U too it»w; the di 
crejaincy being probably duo to dilTeroncM in th« thonuoiaeton 
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220 . The measurement of the mechanical equivalent of heat, 
both by the frictional and the electrical methods, is now an ordinary 
laboratory experiment. 

Friction. —A form of apparatus devised by Callendar is shown in 
fig. 151). The calorimeter consists of a cylindrical vessel made of 
thin metal. This is mounted on a horizontal shaft and is surrounded 
by a silk l)elt, to the ends of which unequal weights are attached in 
the manner of a friction brake. The cylinder is rotated by hand or 
by a motor, and the 
heat developed l)y 
the friction of the 
belt upon the cy- 
linder is communi- 
cated to a known 
mass of water with- 
in it, whose rise in 
tcTuperattire is as- 
certained by a ther- 
mometer inserted 
axially within it. 

The W(nght8 are 
adjusted to balance 
the friction of the 
belt, and a npring 
balance whic,h car- 
ries a portion of 
the smaller weight 
Uk(w tip the result 

of ine(|ua!itieB and rig. i69 

makes the arrange- 
ment stable. A counter geared to the shaft registers the number 
of turns made by the cylinder. The method of calculating the 
result is given in Art. 214. 

Electrical.— The apparatus shown in fig. IGO is a simplified form 
of that employed by Callendar and Barnes (Chap. VII). The energy 
is supplied by a steady battery K, which sends a current round a 
helix of manganin wire N. The value of the current is measured 
by an ammeter L, and the difference of potential between the ends 
of the wire N by a voltmeter u. The wire N is contained within 
a long glass tube along which a stream of water is passed, entering 
by a tube q and leaving through a tube D. The temperature of the 
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water on entering and leaving the tube in measured by two ther- 
mometers t', T. A special form of cisierti B is used to maintiiiu the 
flow of water constant. It eoimiHtH of two eoneeutric cylinders. 
Into the outer annular compartment water flows from a supply 
pipe P at such a rate as to run over itUo the intmr (‘ompariment 
and away through a waste pipc^ K. The cndtu’ ct>mpartment is thus 
always kept full to a certain height, d'he t4ill tubes aa serve to 
take off bubbles of air. The mljustmeuts having been made by 



previous trials, the current is turnetl on and the water m m\i flow- 
ing. The issuing water is eiuight in a vessel, nnd the tniwi that 
passes in a time t ascertained. Hum if is tfm current iind K the 
voltage, 

m jiL 


Also, if ta ii the masi of water that jstsses, and T|, the readinp of 
the thermometers, 

II ® — T|), 


**• J 


im 

m{r,^ - Tj)* 


mt. FIEBT LAW OF THKHMOOYNAMltH Ttio reiulta of 
the importent toeprimenti dm^rilad in ttiiii clifipter lire itiiiimiMl up 
in the flnt law of Tharmodynamiem, wlikli may tui thii« emirtciatud:— 
** WImn work m ii^ hmd m* krai iiifii mrk Urn 
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of work is mechanically equivalent to the quantity of heat (Clerk-Max- 
well). Symbolically expressed 

W = JH. 

It haH boon propoHod to call the amount of heat which is equivalent to one erg 
of mechanical energy a therm. If then mechanical energy be expressed in ergs 
and lieat in therins the equation becomes 

W = H. 

This most important law is the expression of the principle of 
the Conservation of Energy as applied to thermal phenomena. 

Jt was by the application of this principle that Lord Kelvin dis- 
(jovored the phenomena of the electric convection of heat (Art. 138). 
His argument was as follows: Consider a copper-iron circuit with 
one ]'un(‘Xion at their neutral temperature (about 270°) and the other 
at some lower temperature. A current flows from copper to iron 
through the hot junction, and may be made to do work. To provide 
this energy heat must disappear somewhere in the circuit. None 
disappears at the hot junction, for at that temperature the metals 
are neutral to each other atid there is no difterence of electrical 
potential between thorn. And at the cold junction there is known 
to bo, by Polticr^s principle, an evolution of heat. Therefore the 
thermal energy laupiired to maintain the current must be absorbed 
in the <iopper or iron wires themselves, i.c. either a current in iron 
from the hot to the cold portion must cool the iron, or a current in 
copper from cold to hot must cool the copper, or both these results 
mmt follow. The mode by which the effects were experimentally 
determined has been given. 

222. EXAMiM.ES. 

L If thit Hiandard HubHtanco were iron (specific heat, 0*114), what would be 
the value (»f J ‘i 

j Unit of work 
Unit of heat* 

The unit of work is indei>endent of any particular substance ; the value assigned 
to .1 in thertsfore Hinqdy inversely proportional to the unit of heat. If iron were 
iwtnl iuHtetwi of water in defining the unit of heat, this unit would be diminished 
in the ratio of 1000 to 114, the ratio of their thermal capacities, and the value of 
J woidti thtsrefore be increased in the same ratio. 


% A oylindrioal calorimeter of outside diameter 20 cm. is suspended by a 
ringk wire so that it is capable of rotation about its vertical axis. A paddle 
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is rotated within the calorimeter at the mU^ of 1500 tunin |M,ir iniuutti, and i] 
calorimeter is kept from rotatinj^ by mt'ans «»f two flno Htring«, wlhfh art,* worn 
round tlie outside of the ealorimt*tt*r on opjH»Mite witloH and then piy« t»ver h 
pulleys, and have each a weight of ‘iOO grtn. attaehtHl. If the nieehiinitml iH|uiv 
lent of heat is 4*1 B9 X 10^, and t; is 9Hl, hnti the heat tirvehi|Hnl in the mlorimet 
per second. 


By Art. 195 W 


irNM 1) jM’r .Heeond 

a-Mlti X "if* X 4r)C) X im 

rt'JH.TiO grill, 'fin. per «iH*ond ; 
14*7 ciilorieH |H*r 


8. Taking 4*2 X 10^ as tht» munerieal «otpre#wton of ihe mrfehitiiitml "niuivali 
of heat in the (l.d.H. system and tin’ (lentigraihi m'ale of temjwrature, find i 
value when the atioond, milligram, millimetre, am! I F. are tlie miiu, 

4*2 X U>^ ergs I grm.-deg. 

1 5 

4*2 X 10^ X ^ - X V grm.-eiu, ■ 1 grm.«tleg. F, 

9H I 9 

4*2 X 10*^ X I X f K lOgrin.^miii, ■ 1 F, 

IfKl If 

Since the gramme apiH’ars mi Inith aitlea of this the elmiigo to mil 

gntm would mendy multiply Isith sides hy ICKKl and leave the ndiitimi uimfftwti 
Honct! in tlm given units 

j ya’l K U)» 

!»H1 X » 


4. A load bullet strikes a stwl target with a velmuty of 500 ft |s’r wrnml. Fii 
thi rist^ of te.miH!ratun< pnaluml in the bullet by the tin|»«it, aiip|,«wiiig all % 
energy to Ix^ eonvertnd into heat within the bullet. fH|x-eif|e heal tif leail .-i *081- 
Tho (piostion ii inclejamtlent t»f the mam of the butlet, whieh may Is* thtrtfe 
taken iw unity, 

(1) Kiimtic imtsrgy -> 


/. H 


i X 250000 
125000 
S2‘2 K 1800 


■ - l25tTO fi«»t ■ |M*iimkls ; 


(2) Lit of tem|'»»mtttn» of biillet; theft heat al«<irlwl x ^314 uni 


s X *0814 

•% 


12500 

i2¥x'li» 

12500 

22*2 X 182 X *01114 

nm\ 


ih A wincimill worki at i Iwwi»*|i«w«p for 24 ftitil 00 iwr i»iil itf t 

work dmiii is atordl up « Of llik mwfgf 00 |i**r w’lit k eiiipliiywi 


THE MECHANICAL EQUIVALENT OF HEAT 


301 


heating water from 12° C. to the boiling-point. How many pounds of water will 
be so heated ? 

One h.p. = 33000 foot-pounds per minute. 

Total work done = 33000 x 4 x 60 x 24 foot-pounds. 

/. Energy expended in heating water 

= 33 X (24)- X 10^ X *81 foot-pounds 
™ 33 X (24)'** X 10'“^ X 81 1390 pound-degrees of heat. 

To raise 1 Ih. of water from 12° C. to 100° 0. requires 88 pound -degrees. 

Number of pounds heated = 25 It . H9 

^ 1390 X 88 

9 X 24 X 810 
139 

= 12387. 

6. A hole is punched through a wrought-iron plate 1*2 cm. thick, the mean 
pressure on tht^ punch being equal to the weight of 30000 kg. If one-fifth of the 
whole work done is spent in heating the part punched out, which weighs 150 grm., 
(ind its rise (»f temperature. 

(BptHufic heat of iron = *11.) 

(i) Work done by force equal to the weight of 30000 kg. working through 1*2 
cm. 

30000 X 1000 X 1*2 grm.-cm. 

36 X 10« X 981 ergs. 

/. Mechanical muTgy converted into heat 

7*2 X 10« X 981 ergs, 

7-2 X 10® X 981 -r 42 X 10® calories, 

.V. 7*2 X 981 -r 42. 

(ii) NumlHjr of heat units absorbed by tlie iron if x =-■ rise of temperature in 
degrees 0. 

150 X X X *11 
rj: 16*6x calories, 

/. 16*5 X 1*2 X 981 -r 7 

X - (1*2 X 981) -- (7 X 16*5) 

10*2° 0. nearly. 

7. A spt^cimen of coal contains 80 per cent of carbon and 4 per cent of hydrogen 
unoombincd with oxygen. How many gramme-degrees of luiat are generated by 
the combustion of one gramme of this coal ; and with what velocity must a gramme 
of matter move that the energy of its motion may be equal to the energy developed 
by buniing tlm gramme of coal ? 

(Thii <K)mbu»tion of one gramme of carbon produces 8000 grm.-degrees, and the 
combustion of one gramme of hydrogen produces 34000 grm.-degrees.) 

ihm gratnme of coal contains | grm. of carbon and ^ grm. of hydrogen. 

Heat produced =: | of 8000 -f iV of 84000 calories 
= 7760 calories 
== 7760 X 42 X 10® ergs. 
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The energy of one gmninie of matter, moving with a visloeity ot i» cm. per 
second, ~ ergs. 

u,. ‘2 X 77«0 X 42 X 1C)« 

... 4000 n/40740 

807200 cm. |H*r aecmul. 


QUK8Tll>NH AND EXKlUiSKS 

1, Find in foot-iMiundn U»e difft'ri’nce lK»twecn the eniTgy i»f a |H»nnd i»f sttmm 

and a ptumd t)f watt^r, Inith at f»0‘ D. 

2. KxproHH in ergs the sjHH'iflt? heat of air, and in fm»t |MnnidM i!ie ktent heat 

of steam at 100’ (I 

8. Two equal nifuw^H of water, moving with fH|ual veloritica in t>|>|H>site dime- 
tions, impinge on each other ami are Dith hrought t** rent. The heat <!«* 
veloped in sudieient to raist^ their teni|w»ratnrf*w from 0 i\ ti» V i', Bind 
timir vehwity in miles hour. 

4. A maw of f>0 kg. falls from a height of 30 nt. How nnieh lieat is priHlncrHl m 
the iwjsaet with the ground, if thi* masa neitlier |*enetrate» nor rt^Mninds! 

6, Bind (a) the amount id heat necesaary to raimt U» Ih, of lead fri»m a tem|Htra- 
ture of 115 ‘ (1 tti its melting |H»int 320', ami then to inrit it; and (/<») with 
what Velocity the masa must inc»ving in orth r that the eonvermion of its 
energy of motion int«» heat may pr*MUice the reipnrrd am*»unt. 

6. How many units of heat are priHluced when I Uiii of iron ia tlraggiai 100 ft. 

along a horizontal surface, tlie cindfleienl of fricti*»n Unng | f 

7. A maw <d platinum strikes an iilmtaele with a vehsnty tif 500 ft. |H’r mioond. 

Bind the nm? <d t«irn|H<rature in the platinum prtslnred l»y the im|iact, sup- 
jsming half the heat deveh»|wHl to Iw emph»y<sl in warnuug it. |H|wH‘ific hmt 
of platinum ’0824.1 

8. With what velocity must a |Kmml <»l ice at lo" Cl atrik*’ a target in tirrkir 

that it may cimverttsl int*» water at 10” il, siipiwwng that ho |»f»r cent of 
the mmihanical kinetic energy of the moving mas* m w»nveft4s,f int<i hmt 
within the sulwtanw ? [Hp. heat of ice *5;tl 140|.| 

II. Water leaves a mill^whwd at the rate of 5 ft, |a»r wH'onth How much tnuMHi 

finergy dmm this ritpritfamt |»er ton of w^ater that If the fall of the 

water is 8 ft,* what fraction of the whole energy is taken up by the mill, 
ncgltieting any initial vehnlty of the water! 

10. A train of 200 tons travels 3t)0 yd. from its start Ddore actiwiring it* |s?r» 

mantint vchanty. If the a*?eelerati«g force ilwriiig that m f«|uat t4> 

the weight of 14 lU |M»r t«»n weight of the train, fltnl tiow itiwiy mills of 
htiat would Iw diivfihusMl if the train were pulhsl ii|i. 

11. An cnginii works at 4 h.p. for 24 honm, ainl lo |»er rent *tf the wurk thmti i« 

crnployiid in melting iwt at O’* Cl How many |wii4iwl» of ice will iti#4l«H 

12. A man is iimploy«l for an hour in turning an »|»|«rf«ttift »t4t4* duiilc s (Ark 

195). If lit! work at the mitt of 4 n Id** ergs |.wr fitifitite, wlial of leiii’' 
|M!!rafcur«i would l«i prislinwl tit 10 kg. of water! 

18, A steam ungint driving atlynamo works at ilie rale «f W li.p. The tiurntnl 
from the dynamo driv« a motor which thmm work at tlip rale of 

50-00 waiti. Find tho |»rwtttii||^ of tttiprgy »»! ila amount 

In «lori« |»r mawinl. 
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14. Ov«r a certain lamp 2 lb. of water originally at 15“ 0. is raised to boiling 

point in 20 min. If half the heat produced by the lamp is communicated 
to the water, compare the rate at which energy is being evolved from the 
lamp with the rate known as a horse-power. 

15. An electric current is maintained in a circuit by a single Grove’s cell. If half 

of the energy of the current is converted into heat within a calorimeter con- 
taining water, find to what temperature a kilogramme of water originally at 
0. would be raised during the oxidation of 1 grm. of zinc in the cell. 

1(). Thv. whole of the heat generated when 60 lb. of lead falls from a height of 
<595 ft. is used in melting ice. What weight of ice will be melted assuming 
that tlu! tcmi)erature of the lead is 0" C. and J = 1390? 

17. Dry itu^ at 0^* C. is thrown into 20 lb. of water at 60“ C. until the whole 

weighs 23 lb. How much mechanical work must be done on the water in 
order to heat it again to 60“ 0.? 

18. I low much mechanical work must be done on one hundredweight of mercury 

to raise its temperature from 10“ G. to 20" C.? 

19. How much warmer is the water at the bottom of the Niagara Falls than at the 

top? (Height of fall 160 ft.'] 

20. Fii\d tht‘ lu^at dtweloped by thti stoppage of a train of 800 tons, travelling at 

50 mih'H an hour. 

21. A h‘a(h‘U bullet falls 100 ft. and strikes the ground. Its temperature is raised 

4*32" F. by the impac^t. Assuming that all the lieat generated by the impact 
is eommunieated to the bullet, and that the specitie heat of lead is ’03, calcu- 
late tlu^ mechani(ud tupu valent of heat. Why is the method impracticable? 

22. An engiiu^ c.onHumes 40 lb. of <u)al, and during the process performs 16000000 

foot*t)oundH <»f work. If the eomlmstion of 1 lb. of the coal develop heat 
Hudh^ient to convert 16 lb. of water at 100" 0. into steam at the same tem- 
perature, what percumtage of the heat produced in the engine is utilized? 

23. If nmchanieal <‘nergy tapu valent to 50000 foot-pounds is expended in warming 

3 Ih. of water at 10" G., to what temperature will it he liaised? 

24. With what vdoelty must a mass t)f sulphur at 15" G. strike a stone slab in 

orchu* that the heat developed in the imiMvet may melt the sulphur? 

25. How much hydrogen must be burned in order to evolve sufficient energy to 

raise 1000 kg. tlirough 1000 in. vertical height? 

26. Find in pound-degret^-Fahrenheit the energy rcupiired to raise 1 ton through 

a htnght of 200 ft. 

27. A boy can do 1200 foot-pounds of work per minute. If the work is applied 

in heating vvattu*, tind liow many pounds of water would be raised from 0" G. 
to 100 ‘ ( '. in half an hour. 

28. From what lunght must a hailstone at O*' G. fall to the ground in order that it 

may he meltini by the heat produced in the impact with the ground? 

29. How far must a mass of mercury fall in order that its temperature may be 

raised 1" 0.1 

30. A Imsomotive engine consumes 160 lb. of carbon per hour, and converts 5 per 

amt of the heat evolvai into mechanical energy. At what rate could the 
ongiius draw a train of 100 tons along a level line against a resistance of 
10 lb. per ton? 

81. Intiuoation 11 at the end of Chap. XVIIl, if the mass be of iron, and half the 
work done is converted into heat within the moss, find the rise of tempera- 
tnra 

0278 ) 


21 
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32 . Find tho ratio hotwt'on the* <‘tu*rgy rtMiuircd to warm a |Hnind of ailvor through 
50 '* F. anci that nH^iurod to raiao it through 2123 ft. 


UIIAlTKll XX 

THE KINETU' THEHHV 

223. MOLKOUI.ES, A'rOMS, AND KLEC^ritONS. Th« idea 
propounded by etu’iaiii (Jreek phibmopherH that tnaittu’ oonnistH of 
small iudiviHil)le particles was revived l»y Ihuiiel Ikuaumilli, for tlu* 
purpose of explaining the “spring of the nir'\ whtme law was dis 
covered by Ih)yl(^, It |)rovtsl a good working hypothesiH, t'xplnining 
so much so well that it now ranks as a well (wtablishetl tlieory, the 
evidence in its favour being drawn both from (Immistry and Dhysics. 
Dalton showed that the fact thatehummls unite in fixed prc»(Hn'tionH 
to form chemical t!ompoundH was reatiily ex|jlieable, tut the hypothesis 
that the compotmd restdttai fnan a grouping U^gtuher nf particles, 
whose relative weights were nmltiples or submultiples of the pnj|H)r- 
tiona obsarvod, Tlu^se ultimate jwirtioim of a Htihstance, which it is 
impossible by any physi(*al [irocess to subdividi% are eallml m(»leetilea. 
The molectdes of any |aulictdar substance are alike in nattire, struc- 
ture, and mass, but the molecub^s of ditlerent Hubstances tlifler in 
respect of these proptudic's. 

Theso molecules t»rd inary matter art' as a general rule not in 
actiml contact. In gases the spaces between the molecules are much 
larger than the molecules themstdves. Henee gases are very com- 
pressible; the process <if eoinjiri^ssioii is cimi tif forcing the mtileculas 
chwer together. 

An important principle knt>wn as the law of Avogadro, which 
is HUpjKiidfed by a iniiss of evi<lence, asserts thiit “ lupmi mlumm 
all mhianees when In- ihr s/a/c e/ and multr lih em-imn 

the Mine number of moimtle^ **. 

Avogadro’s law aflbrfls a ready explanation the faet that the 
permanent gmm follow the same laws tif change of viilume with 
change of temperature and pressure, as welt as of the further fact 
that other gaioi tend also to olw^y the laivs of Hoyln and CJliiirlci 
as their gasetaw comtitiem approximates to lliiit of the fairmanent 
gasoH. 

In the ciwii of eomponm! aulwtariees it is geiieriilly jic»ilil© by 
ohomiml or electriciil iiMiwis to break up tlin iiiokiciiki into tbi imt- 



THE KINETIC THEORY 


305 


tides of which they are composed, and which are called atoms ; but 
when this is done the original substance has ceased to exist, and two 
or more different siibstances are produced. Thus each molecule of 
a compound substance is itself a group of atoms that act together 
as one system, the nature of the substance being determined by the 
atoms of which the molecule is composed. In some elementary 
su])statice8 the molecule consists of one atom only; in others, of two 
or more, dlio atoms of any particular element are all equally heavy 
and pi'oeisoly alike. But certain relations exist between the atomic 
weights and other properties of elements, which suggested that the 
atoms themHclv(5s ai*e ))uilt up of smaller masses of some common 
matei-ial. And the systems of bright spectral lines which the radia- 
tion from different elementary substances give, have also suggested 
that the atom itself is a more or less complicated system, the com- 
ponent })arts of which possess vibratory or rotatory motions. 

In 1870 Crookes discovered that when the pressure of the gas in 
a vacuum tiilx) was reduced to a)>out one-millionth of an atmosphere 
he ol)tained from the cathode a contimioua discharge of rays, atoms, 
or particles which, besides producing various electrical and optical 
(dlects, were capable of turning a small wheel when directed upon 
one of its vanes. In 1897 .1. d. d'homson showed that these cathode 
“ iviys ” eonsisUMl of small eorpuaelcs of matter carrying a negative 
charge of elccXi’ic.ity and moving with great velocity. And since 
that date a whole class of *h-adioactive ” substances has been dis- 
(M)vered which all possess the property of shooting out from them- 
selv(^H small partich^s (called particles) which possess the same 
chara(X(U’iHticH as the corpuscles of the cathode discharge in a 
(k-ookes’ tulK‘,. These corpuscles, calletl negative electrons, appear 
t.o be conBtituent parts of the atom. According to the electron 
theory, (^ach atom is a system containing positive and negative 
(9c‘.ctro!m. The clcctroiiB arc in motion, and are at least in some 
(‘ascH (capable of detachment from the atom. Their independent 
motion produces thermal and electrical effects; their motion 
within the atom produces vibrations in the ether manifested by 
iht^ spectral lines. And there is some evidence that by the ex- 
pulsion of elactroiis from the atom the structure of the atom may 
bc^ 80 changed that a new elementary substance is formed. 

224. MOTION OF THE MOLEGULKS.-™^That the molecules 
of fittids poBSoas a motion of translation is proved by the phenomenon 
of diffuBion. 

If a jar filled with gas bo loft open to the air, the gas disappears 
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fi’fmi ilio jar. two widt' nioutbod ]>ottU*H Uo fdlinl with tliflorent 
ganoH c()ll(u*i(Ml over wati*r or inarcury, thtdr imnUlw <*lo«iHi with 
glasH platoH, and tho jar rootaining tho liglUt^r gan ho plaood verti- 
cally over the other, het the platen he reinovini, atid after a short 
interval re{)iaiHHl 'riu'U it in found that the eoutenis of the two 
bottles avre identie.al. Half the moleeuh'H of tlie h»win’ gas have 
paHHtMi upwaril and half those td the upper ga^ dtiwiiward. Every 
gas dilluHes into (Wery lUher gas in this way. 

Graham’s Law. Hraham fotuid that gam'H ilitrumul into each 
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other when divith*d hy a porous 
Holi<l. ThuH let a gliiSH tube l>o 
st4»pped at <»ne ernt hy a disk of 
Home kimi i»f ungla/.ed earthen- 
ware. kind known an “big- 

euit ware“ is g(mernlly used, the 
ptu'es of tluH Huhstanee being very 
fine. Let the ttihe 1 h» fillinl with 
hydrogen luitt plaeed with its open 
emi undm* water or mereury. The 
liquid rineH in the tuht% anti after 
a time \i is found that the gain in 
the tube in not hydrogen hnt air. 
The hyilrogen has iMiHsetl tlirongh 
the and a smaller volume of 
air has also passed through it in 
the oppiwif e threetitm, dims gases 
|MiHH thf'tiugh the Hame |Mirous 
htidy tinder the «ime c’onditiona 
at ildlereni ratefi, iw i« Hhown hy 
the dillereiire heiwtnm the voliiltuiii 
of the hytlrogen thiit fmwiiid out 
of the tube iinil the air that 


pasied irit-o it. (Iraham fouiicl that ihr uf titjfmam o/ titiwM an 

inwtHdi/ pmprriimwl h ihf rtk4s nf ihe timmUtg m / ihr 

This law may Im veriftetl by an iqijwtnauH nurh im thnt nhown in 
fig. 161, wlmre the tube is in the form ii ** ditluMii»ii hulh’* a. b 


repraiientH the porous disk* and threadi l»y wliirli the bulb i« iut- 
pendetl from one arm l» of a hitliuif'e, Hy this firriingnment the 
position of the bulb ran 1 hi ho itdjtisteil thiif the level of tlie !ic|yid 
in the Imlh in idwayi the name m thnt iti the vmmtA u, iind eompltfA* 
tions that woukl lie intrcxluoial by hydroitiitir prewiini lire avoidacl 
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Tho bulb is lillecl with hydrogen (or other gas), while the mouth 
above B is closed by an impervious stopper of indiarubber. When 
the bull) is adjusted in position this stopper is removed and diffusion 
through B begins. When liquid ceases to enter the bulb, the aper- 
ture at tho bottom is closed, and the volume of water that has 
entered is measured. Hence the volume of the air (Vg) that has 
entered is known, and the volume of the hydrogen (Y^) that passed 
out is also known. The ratio between the rates 

of diffusion of the gases. And it is found that 



where pj and arc the densities of the gases. 

The ratio between the volumes of the gases that passed through 
the plug gives the ratio between the velocities of their molecules. 
Hence the rates of motion of the molecules of different gases at tho 
same temperature are inversely proportional to the square roots of 
tlunr densities, tho heavy molecules moving slower and the light 
mohMuilca faster. 

The rate of motioti also depends on the temperature, temperature 
and rat.(^ of molecular motion increasing and decreasing together. 

As the gaseous particles move to and fro frequent collisions or 
encounters occur between them. The length of the journey between 
any two encounters is called the free path. The denser the gas the 
shorter is the free path, tho rarer the gas the longer the free path. 

The fre(^ path under ordinary pressures is very short, but experi- 
ments l>y Tait and Dewar and by Crookes show that the free path 
in a very good “ vacuum ” may 1)0 several centimetres. 

'Dui (mcountors have tho effect of constantly changing the direc- 
tion of motion and the velocity of the molecules and of causing them 
to vibrate. 

According to the calculations of Clerk-Maxwell the following are 
the values of the molecular consents for hydrogen under standard 
conditions of temperature and pressure 

Number per cubic centimetre 2x10^^ 

Mftas of molecule ... ... ... ... 4*5 x 10"^'*^grm. 

Distoriee between centres of molecules (average) 5 x 10""^ cm. 

Length of mean free path 17 x 10“"® cm. 

Other cahmlations made on different bases give figures of the same 
order of magnitude. Thus Lorentz makes the number of molecules 



308 


HKAT 


per cuIhc centimetre 3*5 x uiul Moyer gi\c.H tin* length of th 
mefui free path as 18-5 x 10 cm. 

In liquids the molecMih^s m<»vo ahcHit in a manner Himilar to th 
motion in gast^s except that the free path <locs not ('xint, and th 
rate of motion is tlu'refore mindi h'ss. 

In solids the moleenhm have no motion of tnuwlatioin Imt execut 
vibrations or movements about a eminin mean ponit ion. 

225. MOLhXUlLAR KOlUdvS. Hetwetm tin* moliM’uIes of 
mass of gas undiu* modtu’ate pressure there is Hnirvi'ly afiy trace ( 
cohesion. Otu^ portion show.s no tendetnv to rmtain eontigmui 
to another port.it)n. If the gas he greatly t'i»inpr<'H'^tai, slight c( 
lu‘.sion appears; it Imtouh^h mmdi great ej* wlu^ 
tlu'. gas is li«|netied, and inmdi great <n‘ sti 
when tht' suhstaiuM* lias lus’onu* solid. Tlui 
when nndeetdes are vt'ry eloHc tlier 

exists betwetm them a great nitnu*ti\t' fortN 
We obtain sonm itiea t»f tim dislatiec* withi 
cl k> wltieh this foree b(*eomes sensible, by a stud 

I 1 of li([uid films ami snifaeei. 

/ \ Surface Teuiiou. If a Humtl iptantity t 

Ih^ pluced ou H smoot li table it gathet 
itself inlti a foini more ur Ions spherical, ^ 
F stcml needh* may be made to float (m tlni sui 

1% fnei^ <»f water, but sinks rapidly when one 

the surfare is peneliated, I’lms tlie stirfiic 
layer of a litpiid is in a eomlititm ditrermii to that of the nnn 
of the li(|uid. And this is dna to the far! ibat itje moleettln 
forces immediately below the surface are m»t the same as thos 
immediately above. 

If a light reelangtilar framewtirk ffig, lillli made of tw<» pierr 
of wood A ami n eonneetetl l»y t\vi» pieces rd cotton r and n h 
ilipped in soap mdution, a film may be withdrawn fiom the licpiu 
By means of threiwls KV the film may lie pulled out till it is ver 
thiii. Foree is required to pull out the film, iiml tl the pull h 
n^laxed tlie film coutracts. 

If a soai'i bubble be bhnvn on the mouth of n fintnel, fim! the ope 
end held rienr a lighted candle, the film eontrartn afnl exfmls the lu 
with such velocity that the eandle may be blown out, 

Tlu’se and many similar fdieimmemi provf^ Ifiiit tht^ Biirfare Iiivc< 
of litpiids behaves like an elimtie memliraim in fcimiuti, 11ie leiiiiit 
force per ceniirnotre remains the mime whuiever llie iiiicl tliicl 
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ness of the film may be, provided that the tempera- 
ture is constant, thus showing that it is essentially 
a surface phenomenon, the layer of water between 
the two skins playing no part in the phenomenon. * 

If a piece of thin wire be bent into a framework 
of three sides as in fig. 163 and suspended from one 
arm of a balance so as to dip into water or soap solu- 
tion, the tension of the film may be measured by 
weights |)laced in the other pan of the balance. 

A more ac(tui'ate method of finding the value of 163 

the surface tension is hy measuring the ascent (or 
depression) of liquids in capillary tubes by means of a cathetometer 
as indicated in fig. 1G4, the level of the mass of liquid being taken 



Fig. 164 


as that, of a point just touching the surface. The value of the 
surface ietiHion is calculated thus; — 

Let a ~ the radius of the tube, 

/ the value of the surface tension in dynes per centimetre 

(lineal), 

f, the angle of contact between the liquid and the tube, 
f> ^ tho. (Usnaity of the liquid, 
h = the height of the litiuid column, 
g the acceleration due to gravity 


310 


HEAT 


then the force of gravit4ition on th(‘ cc^Iiiniii of liquid held uj> In tha 
tul)0 by the stirfaco te.nsion in 

and the vertical forces (‘xertumnl by the nurfaet^ tinwiini of the film 
round the circle where it k in c(mtaet with the gliiHM m 

2fr(if am r. 

2ira/h‘OHr mrhpij 

wh.M.n. f , 

' ’J eO'H f 

and 6* being deternuned by a H(q»arate ('xperinienti / k readily found* 
In the case of ch*nn waUn* in rh*an glann tuben eone t. 

'Fho value of /for a water air nurfuee k Hi dyiien per eentirnatre, 
and in found to tliinininh with Hne of reinptu'iU ure )ty rather more 
than of itH value at 20 C, for each (’enfigrade di^gree. This 
variation may be nHre*rtained within a nuKimate range by aeenriitely 
meaHuritig / (ni dillerent oer’anioim when the temptnmture of the 
lalawatory in dillenmb tu' by platnng the vi'?*?iel in tig. 104 in a bath. 

I’he Hurbiee tensitm dimininheH with lit^e of tetnp«n*ature because 
at higher tentperatunm the moleeuhir motiouH are inereaned and the 
average distanc’e betweam the nioleenles becomes greater. 

At the critical Ouuperatnre the mirface tetinion of a iif|uid would 
become e(|ual to that of its vajHtur, whicli may or may not be xaro. 

The thiekneHH of the layer within whieh the atirfiiee tenaion 
resides gives Hotne indicatiim of the distance within whieh tluiic 
molecular forces act. 

If a film he formcil within a reetnngiilar framework of metal 
placed vertically^ and view(»d by white light, iii first it i« wtiit.e idl 
over. It coUHiKtH of a film of water between two akins. An the 
Ihpiiil dcMctmda gradually to the bottom of tin' film nmler the inflm 
enceof gravity, the film at the top get.jt thinner ami tiorir.oittn! Imnds 
of ctdour appear- --green, blue, deep violet in suecesiiioti, At ii cortiiin 
thickness the film hiicomea dark at the top, and riindiil libiervation 
ihows that spots appear lilaeker than the rest. The film llieit latmks* 
The thickncia of the hlaek film ns measttred by Ibditt»Id fiiitl lificker 
is ahout 1*1 X 10"*^ em*, whieh k of the w^-’iivp length of yellow 
light, 1 lance it iippeam that the tnole'Ctilar forces wliirli protiiice 
coht'sion c<ime into play when the fliiiti.tiiee the itiiilectile« is 

of the wune onler of magnitude m the wave leiigllt of light. 

226 . FlihBBUEK OF A OAS.«^lf a liillknl bill Im ittol 
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against the face of a disk behind which is a spring, the spring 
will be momentarily compressed. If the operation be repeated many 
times a second with equal force, the spring will remain permanently 
compressed and may be made to register a certain pressure. 

A mass of gas consists of a vast number of molecules which at 
a definite temperature are moving with a certain determinate mean 
velocity. A vast number of knocks take place every second against 
the sides of a vessel that contains a gas, and the result is a steady 
pressure. If the mass of gas be compressed into a smaller volume 
and the I’ato of motion of the molecules remain unaltered, it is clear 
that a larger number of impacts upon the side of the vessel take 
pla(‘.o per second and the pressure upon it is accordingly increased. 
If the volume 1)0 increased the number of impacts per second is 
diminialuul and the pressure is diminished. The tendency of gases 
to (ixpand is at once seen to result from the motion of the molecules. 

In Art. 232 it is shown more exactly how the velocity of motion 
of the molecules is connected with the pressure of the gas. 

227. CONDUCTION OF HEAT.^-Since the temperature of 
atiy portion of gas is decided by the velocity of motion of its mole- 
cules, as the molc(‘.ules move about they must tend to equalize the 
tiunperaturo of difreront parts of the same mass. For as the mole- 
cml(‘B mov(5 to atid fro and collide with each other, those that are 
moving fastei* gradually part with some of their energy of motion to 
tlioKCi that are tnoving more slowly. Heat is thus conducted from 
oiu‘ part of a iluid to another. In a solid the increased energy of 
motion has been supposed to pass from one molecule to another by 
radiation. But the eflect may bo duo to the motions of the electrons. 

228. KVAPORATION AND CONDENSATION.-^The pro- 
e(WRt'.s of ('.vaporation of a liquid aiul condensation of a vapour are 
rcHultH of molecular motion. The velocities of motion of different 
moleciules differ greatly in each state, but are on the average greater 
in tht^ vapour than in the liquid. At any particular instant some 
molecules of the liquid have a velocity greater than the average 
velocity of the gaseous molecules, and these when moving towards 
the surfa(U5 (*, scape into the vapour. And, conversely, some gaseous 
molecuhm moving slowly towards the surface become entangled amid 
the molectdos of the liquid, and their rate of motion is not suffi- 
ciently great to enable them to free themselves. These become liquid. 

'rhcHe converse processes of evaporation and condensation are 
always simultaneously proceeding. When a saturated vapour exists 
in contact with its liquid the processes are proceeding at equal rates. 
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229. CHAN(fK OF vS'rATH. Siut^r iiHilivnlfs of a 
have no motion of translation, wliilo ihoHo «if n Iic{iii<| hnvo mu 
motion, wlum a solid is oonvortod intn a no midition < 

molocnlar cmorgy in acquirod. 1'his partly ar<‘umifK fttr thi! lutai 
heat of liquofac’tion. As tlu' solution of a solid in a Ii{|uid 

Himilarly a procusH of liquefaction, ln*at is .Hinularly altHiirhiHl Wht 
a li<[uid is oonvcu'tcHl intc» n an adflit tonal quant if y cd ruotic 
in oonununiraUul t(» the luftlecules. litis rorreiqHind'i to t!n^ 
heat of vajHtrixat ion. 

230. VFIiOdTV OF MFAX St^rAi*H Sinn* the mohunih 
are in frcupumt collision I heir vtloritics tnidoti:»» frcqinmi clnmg, 
and at any givtni moimml. tht^ vidocttics liavc m-fu-y posHihli* viih: 
])(d^wc(m a ccrtiiin niininntm and tnaximitin. 1 fence to find an c: 
proKHion for tin* kimUJe viwr^y (*f niil!i«»ns of nnivirti^ inilccnlcH 
Hpocial method is mhtptcd. 

lln^ motion of each molccnlc itt ftte itifervids lietwemt the ct 
CountcrH is conHidored to take place accordtn|< to tin* laws of dvnatnu 
Btated in (Imp. XVIIl. Tints if m he the mam of any nietlecide ami 
the velocity ttf its mtitiott at any instant, jIh kmeiie mery^r of traiiMlj 
tion is hnri Mnv although ff»r any tndividtm! niulisntle tltistpiat 
tity may he tw*er \arying. yet its average amtaini per rnolerule i 
any fixtsl cotidition of the gits rimndns ttnrhatiged, sittee there nr 
always maity molecuh's in every po‘e4il*te phuHi^ of rliange 

Suppose, then, at any instant we ha\e 11 pailiehr« oneh of maHs 
hut moving with dillerent velocities c,, e„ tq, ,Ve. Then K, llte mu 
of the kittetic tmtu’gies, is the sum of tfje « lerniM Ian- - p 

K ■ .f r;‘ f c;‘ p rj|. 

Now tlnu’e must }-m some fpiantily e'-’ mirh that #11"^ .p i?,, 

+ I his qtiantity f*' iHcalleil the udoeiiy «d meiui m|itfir 

of the movitig ja-ulicles. 

Fw example, fitip|M«*i HIO meh t*t »« arr m w»i|| f»n«irtiv 

Velmaties «if 1 , 2 , «l, lOU ft, |w^r 

Thim the man td their kiu*a»c pmr^um ei 

K - t i , 

4 .p aM ... . inoq, 

n 

■ |»i K ansaao, 

■■■ |wfit>Oiir»H*if. 

Thtai ft. |W'’f sttreini m th« velnciiy mr«ii 
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So long as the condition of the gas remains unchanged, the 
value of remains constant. Hence for the energy of a mass mn 
of gas, i.c. of 71 molecules each of mass m, we have 

E = \mnv^. 

231. KINETIC ENERGY OF UNIT VOLUME.— If n be 
taken as th(5 nunil)er of particles in ixnit volume, mn represents the 
mass of utiit volume — i.e. the density. Thus, writing p for the 
density, 

E = 

If two such sets of moving particles be introduced into the same 
vessel, Maxw(dl proved that during the encounters they will exchange 
(uun’gy until finally the value of \mv^ is the same for each set of 
particles. When the average kinetic energy of each molecule is 
the same, there is no further passage of energy from one set to the 
other. 

Duritig the process, since nm is fixed there is only a change in 
tlie value of This process corresponds to a passage of heat from 
on(>, mass to the other, and the final condition represents a state of 
thermal (u|uili))rium, when there is no tendency for heat to pass from 
onti body to the other. The process is therefore an adjustment of 
t(nnj)erattu'es, and the two volumes of gas are of equal temperature 
wlum th(^ kin(5ti(i energies of their molecules are of equal average 
amounts per molc'.cule. Whence it follows that the temperature 
of the gas depends upon, and is some function of 

232. VELOCITY OF MOLECULAR MOTION.— Consider a 
hollow centimetre cube containing gas at some definite temperature 
and |)reHHtu‘0. 

If all the n molecules are moving to and fro in parallel lines 
be.twetm two opposite faces of the cube, each with a velocity of v 
(‘.(mtimetres pt^r second, then the number of hits per second is v for 
(»ach molecule, and the total number is n?;, viz. \nv on each face. 
Hut at each impact the motion is entirely reversed, and there is 
therefore a chatigo of momentum from mv to — mv, that is, a change 
of 2/aa for each single impact of each molecule; the total change of 
xnotmmtum ihwB improssod on the mass of matter impinging on one 
facH^ m hnv x 2 nw = 7 nnv'^ per second. But the change of momentum 
pnKluced in one second is the measure of the force— i.e. of the pres- 
sure on the plane (Art. 206). The pressure on the face is therefore 
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Now anppoRO nil the tnolofult'H to be moviog ahcnit iiuliBcrin 
nately in all (liroetioim and with vehn^itieH not the mmuK Tlwn t 
motion of each ean ho ronolvod into tltroo rotiangnlar rfnn|K)non' 
and it may bo nhown that tin* roanlt will ho an tliougli oiuMhird 
the wholo^ nunilnn' paHHod Btraighi hotwc'en oaoh pair opposi 
faces, while in the place of # we must wriUi and the eipressi^ 
for the presBure becomi^B 

ipr-; 


or 1)^ 


a!* 


P 


Also it has Imen shown that K 

K 


I;#; 


The preHsure exerted on tinit area hy any gan in etpial to twcvtlu! 
of the kinetic energy of unit volnme*. 

The ex|)reHBion film> shows that e«pnd volnmcH uf all pwoH at t 
same presHun^ possesH eipml nmonnta kinetic «nH*rgy tine to t 
motion of trannlation cd the niohnnUeH. 

£mmpl€. A litre tif »t 0" V, \m\vr it primpitirt^ nf nria*:! yrm. 

Kp cm. e 4 >ntaiii« ’OHIW getii. Fuel the velmniy »•! w|iirtr« i»l the hyrlrai 

jmrtielea itiwimuea ff itsi. 

Here V UKIh’S K m and p ■ ‘OmifmiNt 

r ^ 

tames x asi - x x # 

. ^ ,,, tn.mui X icHi 

imm\ X iwi ^ 

'JICHVO 

.\f lti« /imiliii'x mi 
V 'iim#o 
■■ lid v^snenii 
■■ l«» X IM'II 
- l«lUio rtn. |w»r 
ilftp? It. |*tir wfiniil, 

llii veltidtj of motion of lh« mtdwnili*# of piher nifty I#’ i4itjiifiw«l fpiiti 
rt:awlt hy noting that the fortiaik M»ovo «h«<w« li t« lie itii-eriwdy m iIip wpwrn 
of th« demfty of the gas. Tlnift, for oiiaio|4e. the vriwity fi<f ti^ygun m uriii-fot 
of thii at»v« vatwo. 

233. EXPLANATION OF PHYSICAL LAWS. Boyle'* L 
--■If wo now ootnider unit inaw» ni a giw wrujiying ii vulunu 
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Wider pressure P, then the density p = and the equation 

P = rnay be written in the form PV = 

If then the value of remain the same, i.e. the temperature be 
kept constant, the product PV remains invariable. This is Boyle^s 
1 ^aw. 

'.rhe fact that Boyle's law is not exactly obeyed by any gas 
shows that the motion of the molecules does not take place exactly 
as described above. In actual gases, when the molecules are very 
close together, molecular forces come into operation which modify 
the paths and periods of the molecules, and Boyle’s law ceases to 
represent the connection between the volume and pressure of the 
a\d)ata!ice. See Art. 255. 

Further, if we take the experimental fact that in any given 
mass of gas the product PV = liO, i.e. PV is proportional to 
the absolute temperature of the gas, it follows from the above 
criuatioti that 0 ai)^. 

Charles’s Law.- — Prom Art. 231 it follows that for two different 
gases in thermal equilibrium 

=: 

and since for eacb gas 6 (xv\ it follows that temperatures measured 
by different gases are proportional to one another, i.e. the rate 
of expansion of all gases is the same. 

Else of Temperature on Compression. — If the particles of gas 
are impinging on a piston in a cylinder with a certain velocity, and 
tlu^ piston is suddenly forced in, the velocities with which the par- 
ticles rebound must be greater than before. The increased kinetic 
energy is rapidly distributed throughoiit the mass, and the value of 
on which the temperature depends is increased accordingly. 

Avogadro’s Law.— It has boon shown above that if wo consider 
unit volume of any gas, the pressure P = lmnv\ Thus for unit 
volume of two different gases at the same pressure and temperature 

P = 

If communication be established between these two masses of gas 
no change of temperature results, and hence no change takes place 
in the values of and % But in such a mixture it has been shown 
that finally (Art. 231). From these equations it 

follows that 


Til = % 
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All gapas undor thc‘ sinna prt*HHiira hnvi’ llti* Hiifni* niimhi^r frf tnola- 
culaB in unit volum<\ 

Graham*8 Law. Again, ninrn for unit volunir.s of two cliflbrent 
gasaa at tha aama prc^HKura and ta!«p«*nilnro 

.‘Ip 

Tho nmin Hc(unrt'H of iln' nM»}<‘fiilai' aro in\frHoly propor*« 

tional to (In^ n^juan^ ruuiH nf tin* diaonti*'-* **i tin- 

Dulong and Petit’s Law of Atomic Himts. Am iipplird to the 
simple gaHOK this law Ima muv an|uirod n rlriir nirHiiing. l(ognaulpg 
rcmultH given in Art. 77 .nhow tha! thi’^r gitnf^t piiHHenH tlm iiune 
speeifu' heat fi»r unit volume, and i! Iihh hmw l»rrn ’dnovn that they 
posHCHS the «anni imtnlHUMif imtleruleH in uini vulunns whenre it fol- 
lows that their mohandeM have prreimdy I lie name thermal eajjiuuty. 
Mince ahnost every sulwtanee a-HHumen fin* form «*f an alrmwt perfect 
gas at a certain temperature, the ei|naiity *4 tln^ niomir hoatn of 
many of the sollil elements Hh«»wn in flo' table un p, si miggcHt; 
the wider eotieluHion fliat the atHin^ of all rnmp.le >mliH!aneeH have 
the same eapaeity for lieau 

234* MflLhCU’LAU \ IHUAIdtiNS In addiinm to the motion 
of tranHlation, the nnileeutea have a vibralorv mMiiMn which gfies on 
simultaneously with the motion of trainlafion. in the i-aae of com= 
pound moleculeH there in reaami U> thmk that the iitimis c•ompolling 
them have also their rcajmetive npianal movetiieiits.. A |Mirtion of 
the total energy of a moleeule i« due to th«» movrmfmfs of itH con- 
stituent parts, 

Thua when 11 mass of a sothl is In^aird 01 mem^, idtliotigh but 
little extinmfd 'work is done the«e effeef« are {irtsliieisl 

(it) The tempeniture riwes, a pris’ess ivlueh ifivotve« iiit itieroiiii 
of molecular kinetie energy. 

(ii) The Mubstanc'e ehanges viilufiH% a pruet^an tlini, lisiially ire 
volves an expenditure of energy iti overcotiiiiig i-niiu imileritlnr forces, 
iai, forciii that exist lie|.wu»eii the iiiotertilowi of itio milifttiinre, 

(r) Itneri^y iniiy !«» iibsortasi in efFcrting intrii tiioleriilar eliiiiigiiii, 
i.c. elifingiw in the vibratmuis t»r ndnlive of i.lm niofiifi that 

constitute tlii^ titolectde, 

( onfiiiiiig our fitteiition it* gasea a didiiitli'* ir-wiill iiiiiy oliljiiiiiil, 
It has idrciiuly laicn shown that ii dilliirifiirii lietweisii ths 
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specific heat of a gas at constant volume and that at constant pres- 
sure, the difierence being due to external work done in the latter 
case (Art. 239). But when a gas is heated under such conditions 
that no external work is done the effect is still complex. The energy 
expended has increased not only the motion of translation of the 
molecules, l)ut also done work within the molecules themselves in 
driving tluni- atoms farther apart, in causing these atoms to vibrate 
faster, 

To take an example. Suppose a centimetre cube of oxygen to 
bo heated from O'" C. to V' G. at constant volume. The specific heat 
of oxygmi at constant vohuno is known by direct experiment to be 
about •155, and the mass of 1 c.cm. at 0 ° G. is *0014107 grm. Thus 
the energy iKMiessaiy to raise 1 c.cm. of oxygen from 0 ° to 1 ° with- 
out ex])anHi()n under stamlard pressure is 

II = *0014107 X *155 calorie. 

K = *0014107 X *155 X 42 X 10^ ergs. 

= 9183*7 ergs. 

Now, it has been shown above that the kinetic energy E due to 
the motion of translation of the particles of a gas is f P. Therefore 
the iticreaae of E, which we will call d'K = -I where dJ? is the 
corresponding increase of pressure. If the original pressure was that 
of the atmosphere, viz. 1*014 x 10^’ dynes, per sq. cm., 

thou dynes, 

and ('iE = | X ^7 ^1 X 1014000 ergs 
= 5571*4 ergs. 


Thus it apj)eara that the energy of the cul)ic cetitimetro of gas has 
been increased by 9183*7 ergs, of which only 5571*4 ergs are ac- 
counted for by the increased kinetic energy of translation of the 

molecules. 

The differenc.c 3612*3 ergs is the energy that has been expended 
in doing work within the molecules themselves. The ratio between 
the whole energy and the energy of agitation concerned in the 
operation is 

H ^ 91837 
M 55714 


= 1*65. 


This ratio, which is usually written has nearly the same value tor 
all the more perfect gases. 
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235. As appears from the above example in gimeral svmbois 

d 

!• 

' ti 


(iV 
>iK 
ami 1! 


li 

■* ' 0 


If wa (laal with unit nmm iriHt«»jul c»f tinit %-«iltnna tlii« tH|«atiou 
must ho inultipIicHl hy tha Mpaaihr Viihuna \\ t.v, thr immlnir of 
units of voluma in utiit uiiwh. I’ha loft hiuul «itla than haaoincii 
the specific heat at constant vnluiius aial wc hiu i^ 


PV 

Hero fi and arc coimtant, and th«' cKpros^ion shnwn that the 

specific lioat of a gas at ctumtant Vfilunu' m an invariabiti cpmntity 
whatever the {>n^HKure and tenijHuatnrc may l»c. 

236. RATIO OK S!*KOIKH' IIHATH, Frum ilm idwive expra«» 
sion for a value cd y, ttie ratio laU.wtnm the ..njaHulie lumti may 
be fouiul (see Gimp. XXII!). 

K„ f ‘‘J (An iMlt) 


For K,, 
Imt 1% 

K,. 

K,, 

' K 


/f 


PV 


PV 

tl 


( : It 4 - 1 ) 


;] /! f 1 
:j/4 


1 + 


;$/4 


Substituting tho viiluo 1 '<15 obtiiiiu'*! for fi alxivc 


y *53 


I + 



I ‘1111. 


It seems rewonahli ti» sujijKMui that ilio riitir« rfifiijilieiiUMl the 
raolaeule tha grciiitcir will \m the work ex|anidrd in firmliiciiig intne 
molemdar motioiw, am! tha iimplar the iitntefiile tln^ lenn will that 
quantity he. C*hiuiti«t« have rottanti to hiditne llnil it iiwleeiile of 
moreury eontaiui only wii atom* If tlifit tm mi* nii Inmt. ii 
in doing intra-molecnliir work, and fi m I, wliirli give« for y tl© 



THE KINETIC THEOKY 


319 


value l’()G. Kundt and Warburg have found the ratio y for mercury 
by dotcrmitii ug the velocity of sound in mercury vapour (Art. 261), 
and obtained the value 1-67. 

The same method gives for helium the value 1*63, and for argon 
1*65. Boltzmann considers that the molecule of a gas for which 
7 = 1*66 ]>ehavea in molecular concussions as a rigid sphere. 

Where y has a value abo\it 1*41, as in nitrogen, oxygen, and 
hydrogen, the molecule behaves as if it consisted of two spheres 
rigidly joined together. 

For many gases generally triatomic, such as carbon dioxide and 
sulphuretted hydrogen, the value of y is about 1*3, and as the mole- 
cule l)(‘.(H)mos more complicated the value of y becomes more nearly 
iMpial to 1. 

237. KADI ATION.— In the phenomenon of radiation, energy is 
transferred from one body to atiothor by movements in the ether 
which are of the nature of undulations. 

Thus heat, whih^ oti its journey from one place to another by 
radiation, has ceased to be heat as we ordinarily use that term. It 
has been transformed into radiant energy. 

The n^gularly recurring series of states in the other which are 
termed tuuiulations have their origin in the vibratory movements of 
moleciiloH, atoms, and electrons. 

The visible spoctrum of a rarefied gas consists of bright lines 
only, llie rate of vi))ration corresponding to these lines is so great 
that many thousatulH of thorn take place in the interval between two 
molecular collisions. Hence it is supposed that these vibrations are 
independent of molecular motion, and ai'o duo to the motions of the 
atoms and electrons themselves. Each element gives a different set 
of lines, each lino corresponding to a definite rate of vibration. 

The spectra of compressed gases, of liquids, and of solids are 
more complicated. The molecules being closer together, their free 
j)ath is shorter, and the disturbances introduced by a collision have 
not time to die away before those produced by the next collision 
come into play. The effects of the collisions remain as a permanent 
feattirt^ of the spectrum. Those effects are to generate vibrations of 
other periods than those due to the undisturbed motions of the elec- 
trons. The spectrum of a compressed gas is therefore less discon- 
tinuous than that of a rarefied gas, and the spectra of liquids and 
solids are continuous. 

The fact that as the temperature of a solid is raised its spectrum 
m extended in the direction of the rays of shorter wave length shows 
f c 273 ) 22 
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that the greater (niergy of the eelliHionn hm thi^ efl'ert of generating 
vibriitionB of Bhorter {>c‘riodH. 

238. KXAlMil.R 

Thci htmfc of hydro^ojt in a'-l. On tlio ?4un|H»?4tic»n thfir this i1{h« ntKj 

vary with Uio tinii|K!rattus% awl that at 27^' tho fjn4rtnsli*ii wotilrl !»«’ wholly 
<loj>nvfKl of motion, find tht»ir rato <»f motion at C) O. 

If onti Krammo of hytiro^t^n warniod frrnn It?.'! (!. |a II c*. it would on 
thia 8U|>|iomtion fdmorb 273 X U2,S*2 i'ahu'ma 

According to the dymindcal theory of heat it in njmiiUorial whether wn rem- 
wder thin energy to havt^ bmm cx|wuuhsl in |»r4Hlnojng molar or molootdar motion. 
If it prcHluctHl molar motion wc ahouhl havo for the ktnritc of tlm tnaiw 

3H(Un K 
hut m ^ 1. 

.% V 10^ X V7722«l 

27BOiM) cm, jM-^r »f»t*«nd. 

The RUppoaition that the Rimcitlc heat r<u»iaiir« invarialdo in of c*nim*» inailmk* 
iihlij, but th« rmult m of the «amt» onlor of niagnitiido an that »iblain«it| by th« 
ortiinary mothoil (Art. 232). 


KXKm’IHKH 

1. A mibio fmit of air at 0** (h under a |trcifeinri» of util lb, |«^r wpiiwt fmit «>nfcairii 

*0807 lb. Find the vclmuty 4»f moan iw|uar«"* of the |»artii’b’»«. 

2. What ia the aijp|wwcd catmn of the in the tom|»f*ralur'w^ of a gran when 

ita volumo m <liminiah«?«i by prcuauro? 

3. Find the Incnwo of vohwdty tif the moliHttilca of hydn^gpii (in hmt |wr niitamtl) 

when ite temperature m raimsl r 0. 


CHAPTER XXI 

INTEEHAI, AND EXTERN A I, WOUK 

239. EXTERNAL WORK WHEN A OAH KXDANDa— 
When heat ii evolvnd iir itbicirhtHl by ii luxly, iliiiti titiii ehiiiigii 
often taken pliuai, Thtw, when it mitm of inm givei out ita 
teinporiitiiri fatk itutl itievolumw ; wbwt im iitCFO iibiurtis 

hoitt, phyiicml cemtlition ehiuigei fiiifl itn viilititiit cliitiinisluii. 
Nothing hiw biiert hitherto wniil hero iw to how iiitiah himt woult! Im$ 
retjuirixl to ©ffeet tmeh u{ thene ehiiitgiii iejmiiitiily ; but they ititiy 
be Bepariitely eotiiiciereah iii emeh reliiteil t4i a iliifltiiie i|itiirtiity of 
energy which ha* ptwi^ iriki or out of the «iiliiDiiiei cliiring the 
ehanga ® 
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INTERNAL AND EXTERNAL WORK 

I hat heat is a])sorbod when a mass of gas is allowed to ex- 
patid uiuhir [)ressure is proved by the following experiment: Let a 
cylinder of compi*osscd air be taken at the same temperature as 
the atmosphere, and the tap turned so that a jet of air rushes 
out against the bulb of a thermometer, the mercury will fall, show- 
ing tRat the escaping air has become chilled in the process of ex- 
pansion. 

What has become of the heat that has thus disappeared 1 It has 
been eon verted into mechanical energy. At the mouth of the tap 
tluu’o was a pressure of nearly 15 lb. on the square inch. The issuing 
air in occupying a greater volume did work against this pressure, 
and tlui heat"e(|uivalont of the work done was abstracted from the 
air itself, the thermometer, and neighbouring bodies. When an 
inci'ease of volume takes place under pressure, work is done against 
that presHun^, and if mechanical energy bo not supplied 
to eflecjt tlui work, heat disappears, llms, if we heat a 
gas undei’ atmospheric pressure so that it increases in 
volume by 1 c. ft., wo must do upon it about 15 foot- 
potmds of work to eirect that change of volume, quite 
independently of any other change, such as change of 
tcunperattu'e. Such work is called external worlc^ because 
it is done against the action of external forces^ i.e. forces 
outside the body we are considering. Since gases expand 
largely wlum heated, the external work done is great, and 
forms a largo part of the whole energy expended in heat- Fig. les 
ing them. 

Suppose 1 grm. of air to bo confined within a vertical tube A 
(fig. 105) whose section is 1 sq. cm., and which is closed at the top 
by a tightly fitting piston B. Then since the standard pressure of 
the atmoapliere is 1033*3 grm. weight per square centimetre, we can 
imagine the atmosphere to bo replaced by a weight of 1033*3 grm. 
upori the piston. The height of the enclosed column of air whose 
mass is 1 grm. is about 773*3 cm. at 0^’ 0. 

If th(^ air bo heated to V C., the piston will ascend through 
773*3/273 cm. and the work done against the pressure on the 
piiton = W = 773*3/273 x 1033*3 gramme-centimetres = 2926*9 
X 981 ergs = 2871300 ergs. This is the amount of external work 
dona when 1 grm. of air is heated through T G. under standard 
atmospheric pressure. 

In general symbols, writing V for the volume occupied by unit 
mass, P for the pressure, and 6 for the absolute temperature, then 
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the external work done w 

W 


PV 

0 


ll. 


The general form of tln^ (*xpreHHi(ni hIiowh thnt it hohk ffir any gas. 

Since we ar<^ dealing with tinit ninnH of the gan, V in the 
reciprocal of the ahwjhUt' deiiHity /». Hence 


The quantity FV * denoted hy the avinhot ll in hy the laws 
of Boyle anti CharleH conKlant for the amne given inauM tif gas, 
whence it follows that the external vvtnk done hy any given tniws of 
any gas when its ttnnptu’atnre is raistsl one tlegn^e in the siune, what- 
ever may he its volume, tetuperattire, aunt pie wore. If tlte tna«ii of 
gas ho that of I granune nioli*eule, tlum the value of ll is approxh 
mately B21liH)Q00 for all gaHim tliat obey lii»yle*i4 law (Art. UK)). 

We may also eonsitler the total tmergy retpiireti Ui heat the 
gas and to elTt'ct the exjiansion under pressure, Hnppoiiii unit 
masH of gas to In* heatisl ami not allowed tit expamh then the 
energy rminired to raise the temperatunt of tlie gaa hy an amount 
dB is O/W, when^ is tlm speeilic heat of the gim at constant 
volume exptmsed in heat units (Art. 77). If at the wuue time 
the gas ex{'mnd untler a eonatant pri^ssure T hy an amount dV (the 


quantity 


V 

B 


above), then work isihme t«» thtuimfuint f*dV (Art. 207). 


If PdV he also expressed in heat units, then the total heat illl re- 
quired to effect the whi»le change is 


rff! VJB f VdW 


It ii awumml here that no inlerniil wuirk liiu ttmui done 
(Art. 241). 

240. EXTERNAL LATENT HKA1*. Wheii 11 lit|tik.i m mim 
verted intio a giwi there i« a greiit invrrnm^ nf viiliifiii*. Work k 
therefore donci in overecimiiig iitmtuqiherie pr«tsMiiri\ luid iltii iiniirgy 
recjuiretl to iffict thw ii culled the iittriaal htat, nr Iiit4mt 

heat of dilatation. Thedilferefiee Imtwiien lliia itiifl tint t4iiiil iitiiirgy 
alworhed is tlii intiirii!i! laliirifc lumt 

ItH viiluti for liny {iurtieular siilwtanre may fotimi 

When a euhie eiirifciiitiitre of water in taiilpil iiwiiy into itimiii at 
100" the •tiiiiii «:!0ti|iiti alMJUt 1070 e.cin. Hiiriiig lliii cliaiigi) 
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atniosplicric pressure, which is 1033*3 grm. per square centimetre, 
has been forced back tlirough 1669 cm. The work done is therefore 
approximately 1670 x 1033*3 gramme-centimetres, which is equiva- 

lent in h(!at units to = 40-9 calories. 

42600 

Thus, wlum unit mass of water is evaporated at 100 ° C., about 
41 units ()f heat are absorbed in doing external work, and 540 — 41 
= 499 in doing internal work. 

241 . JOULE’S EXPEEIMENTS ON INTERNAL WORK. 
"“ Joule itivestigated the question whether any expenditure of 
otuu’gy was necessary to cause a gas to ex- 
pand when there was no external pressure 
upon it, and when, therefore, no external 
work was done. The gas is certainly in a 
dilleront condition after the process. .Is any 
work done sohJy in producing this change 
of condition Nlayor, on the strength of an 
t^xperiment made in 1807 by Gay-Lussac, 
aHHVumul a negative answer to this question; 
floule i)roved that this supposition was ap- 
proximaUJy cornKJt by the following expori- 
monta in which (jomprossed air expanded 
int.o a vacuum, and was not found to bo cooled as is the case when 
it (^.xpanda into tlu^ atmosphoro (Art. 239). 

I'wo strong copper vessels H and K (fig. 166), each having a 
capacity of about 2000 c.cm., were connected by a short tube in 
which was a stopcock c. One vessel, is, Avas exhausted of air; the 
other, u, was iilled with compressed air at a pressure of 22 atmo- 
spheres. 

The apparatus was then immersed in about 7000 grm. of water 
contained in a dou))lo- walled iron vessel i). On the stopcock being 
turned the air rushed from li into K until the pressure in each was 
the Siune. The temperature of the water in i) was read, before and 
after tins ex|)an 8 ion of the air, on a delicate thermometer reading to 
degree Centigrade. This thermometer showed no change of 
temperature, and Jotde therefore concluded that “no change of 
temperature occurs when air expands in such a way as to do no 
external work 

Joule varied the experiment by placing each of the air chambers 
E and E in a separate vessel containing water (fig. 167). In that 
case he found a fall of temperature in the vessel containing E, where 
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tha air midarwaiii axpaimioi}, ;unl an alnM»?4i risa of 

tiira in tha ymnA containing i\ in whiah tin* air uialtTwant rom- 
prt'H^inn. 

The Halting «»f tin* inaMN of nir in motion 
claniumlini an a i«c|iain In urn of linngy which 
wiiH ohtninad at tha i*\panHr of tha mawihlc 
liaat. td U; llii* «la>4rurfiun «it ihin inochiui- 
icail inoliiot in K rain«‘t| ihii'i* a rta*raKpon(l» 
ing ovoltit ion of Han'ahin liaal. 

%42, K\li-:U1MK\1‘S CIK TIICKMHON 
AND .HH'IJv On roniparing llio hmt 
cn|>acitit*M of ilia ait and wntvr in fha ahctvti 
ox|Mn'iriicnt. ti in fnimd that it wonhl m 
qnira a change of tcniperature in tlie rnr!«min! air ainonitting to 
2^ C. in order U\ liroduce a rhiinge rafaidti of dotnction hy the 
tharmotnetcr outfit in, 

Lord Kelvin, thtm Sir Williitrn Titoiniam, wm tod liy theory U) 
baliova that the iwmiinption of Mayor* apiwtrmtly jOHitfiod liy JotiWn 
roHult above, wan not rigoroimly rorri^i, t«ut ilyit a nn»re Mennitiva 
apjmratua wonhl hIhov that wnne change of iniernal ««nergy chiaii 
taka place when the tleimity of a gan f'hange'?^, or m it may \m 
expreHHed, *0.110 heat evolveil fr<»m air when niiupi'ciiwd at ctawtant 
tomparatnre ia not eiptivaleftt to the work f^pent in etlbciing the 

compreMfiion ’ 

A very mmioii\ e met In « I wiw 
therefore devoted oli the following 

pritieiple 

Let Alt (fig, IHH) rei'iriwent a long hnving at one |«iint x 

a porotii ping rontaining a large nnmber *4 Hiniill onfirrM. Air or 
onci of the mon^ jierfert gmm waa fornnl throiigli ilie lube in ii kIow 
aontinnoiia tmibirrn iitreiuii. The preM^tire of the giw at it point M 
before entandng the ping wm atmietinie.*i mivf'nd iiimi»;^ptiereM, ^vliile 
at H the prciiiiiro wm airiiply that of the liimotiptiere* fei lltat bitween 
thoia jKiinte there waa a great incjuinnion of the gm. Eleiiieritiiry 
ax|K;iniiien't« with fi single firifire at t showed ii greiit fnolirig* tine to 
the eonvowifiri of ierwilile heat into the inerliiininil *iiiergy of iiioticiii 
of the rapidly iiiuing idr. Hut at a distance of n few iiirliei from 
the orifice the energy of motion was nil reroiivertnl iiilo heiit. 
Hence with tha gw In tliia rtintiilioii iin exk^riiii! work hiid Imeri 
done, imd the tiirnfMiratiini at H «hoiilii kt the iw iii «, |ir«> 
vid«i that no conntiiiiiicmtion of heat ti^ik |i!iice liiitw«ii llie 


a — — ^si 

Fif. m 
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ratus and ('xtcrnal sources, and provided that Mayer’s hypotheses 
wore (‘Orrect, and also that the gas was one which rigorously obeyed 
Boyle’s law. For the internal work done on unit mass of the gas 
was equal to PV, the product of its original pressure and volume, 
and that doiK^ by the gas on the atmosphere was equal to the 

product of the final pressure and volume. If PV = P^V^ then it 
woidd follow that any difference of tem- 
perature b(i tween M and N was due solely 
to a cdiange in the internal energy of the 
gas. But it is shown in Art. 120 that 
wlum a ga,s expands PV is not equal to 
P^V* no gas rigorously obeys Boyle’s 
la.w), and this inequality between the 
work done on and by the gas would lead 
to a (‘hanger in its temperature quite in- 
(hqumdcmtly of any change duo to the 
action of the intermole(‘.ular forces. Hence 
the dilforencte of temperature actually 
obseuwed is the algebraic stun of the sepa- 
rate (‘ffec.ts of two (uuises. The heating 
or cooling effect due to the departure 
from Boyh'.’s law is, however, calculable 
from the daUi of Amagat’s experiments 
atid tlui specific heat of the gas. Thus 
tb(^ two effcKits were se|)aratcd, and the 
change of temperature duo to change in 
tlu^ int(wnal energy of the gas determined. 

The deviation from Boyle’s law gives a 
fitnall cooling efloet for gas other than 
liydrogen, atul a veay small heating effect 
for hydrogen 

Various forms of orifice wore tried. 

With a simph^ aport\irc the gaseous cur- Mg. i 69 

remts were of so confused a character that 

veuy different readings of the thermometer were obtained in slightly 
diflerent fiositions, and it was necessary that the mechanical energy 
of the expanding air should bo completely reconverted into heat 
before it re.a(;hcd the thermometer. The form of porous plug finally 
adopted is shown in fig. 169. 

It consisted of a short piece of indiaruhber tube cc, closed at 
efmh end by a perforated metal disk 5&, and having the space d 
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me 

itmido Htiitlkl with nilk. T\m plug rv^ivd uu ii -nlumhlrr of the 
eoppor iuho att, luul wan kfpt in itn plari* l»y a :^i'rv\\ / prt'HHing on 
a tuho //, Tho thcnii«»nic‘tt*r huli> wan i^urruundi’d hr n min’ uf cork 
hh tilliMi lightly with rottnn W(»ul. Ity niran.n nl an mdiariihhrr tube 
kk tlu) copper tula^ wan enmurttni wuh a gla>*H mho ii in iilh»w the 
thennouioter t(» bo kocuk 

The gan to bo oxporimontoti on wan loivnl, liy inoani^ ut a pump 
D worked by a .sloaiu ongino, through a hi* 0ig. Iiiig then 



nu rai 


through two long lipirak tr iiiunorHiHi tn largo vf'iiaok tif wiiior, 
whcmoo it |Mw«sd through the |Htmu« plug /, 

In the spiriik the giot Muik up ii drhititi’ !*uiij«uiUuro ludiofitpcl 
by thormt>mfit4Wi in the wiit4n*, Hjiormt niro lakiui U* luwiire 
that the giw wm roadly at fho tinujan'iituro of ibo wnior* iiiwt to 
pravont irr©gularitiaa ifi the Mtroaiii nf air duo to ilio |iuI»iiiiiinM of 
the pmuji, 

Tho giw Will tiuw tiiiisiit ti» in%m Iroiii ii bigb iirimftiiro to iliiit 
of the atmoiphnrti witboiii ii<a|iiiriiig muisilib^ itiurliiiiiiriil oiiargy, 
and theraforo without iloing aiuwtblo p?jiirri*fd work. 11io work 
dorici liy the puinp on tlm mm to ihf^ rrork litum by the 
gaa in forcing lumk tliti atmoaphttrii ; nti work dotw by 

the giw at tint oicfMSiwti of ita own hoiit, 

1'ho rtmidti of thfi iii|iiiriiitent4 woro tliat wilti tin gim iviii tliii 
tettHKjratiiro at n (fig. ICi^) tha aatiie m at M; wiili idr* «xygnit| 
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and carbonic anhydride, there was a fall of temperature at 
N; with hydrogen, there was a rise of temperature. This proved 
that the thermal changes taking place when gas is compressed or 
cxpandiul at constant temperature are not exactly equivalent to the 
woi'k (lone on or by the gas. The equivalence would be perfect 
only with a |)erfect gas, in which there is no attractive nor repulsive 
lorcc^ betweem the molecules. With actual gases, work is done by 
or against moltumlar forces; in air, oxygen, nitrogen, and carbonic 
anhydride^ which deviate from Boyle’s law in one direction (see Art. 
120), the molecular attractions and the deviations from Boyle’s law 
act in tlu^ same direction; both tend to produce cooling. In the 
(‘.ast^ of hydrogen tlu'. two causes act in opposite directions. 

The cooling (^Ih^ct is duo to the fact that work has to be done in 
siq)arating t.he molecailes in opposition to their mutual attractions, 
and tlu^ experimetits tlicrcforo show that there is an attraction 
boiwtum the mohnailes of a gas at short distances. 

d'ht‘ amount of diflercmeci of temperature between M and N was 
proportional to the differenc.e of pressure, being about -26" C. per 
atmoHpliere for air, and l*2eb" 0. for carbonic acid. The cooling 
eflect wan much gre^ater for gases readily capable of liquefaction. 
''Fhe amount of (t(K)Iing afUm passing through the plug — i.e. the 
amount of int(n*nal work wa-s found to bo much less at high than 
at low tenqxu’atures; thus, for carbonic acid at 20° it was 1*15°, 
while at 91" it was only *7'’. • f ,. i y 

At tlu'. t(miper’aturo 20'’ C., the ratio is for 

external work 

earboniit nml for air and for hydrogen only 
243. EXAMPLES. 

1 . Wiitrr in fon’iul tlir{)Ugh a porous plug under a pressure of 50 kg. per Aouare 
contitntitni alwjvo the attuoHpht«ri(*., and emerges with negligilde velocity at the 
procure of the atmosphere. AsHuming that there ia no leas or gain of heat from 
extorniU wnarcuH, hnd the rise of temperature of the water if 427 kg.-m. are equiva- 
Imit to 1 kg.'tmlorio. 

Huppoi I grm, of water to l>a contained in a tube whose area is 1 aq. cm., then 
the work tiono in driving the water through the plug is 50000 grm.-cm. 

But 427 kg.-m. ^ 1 kg.-cjdorie 

427 X 1000 X 100 grm.-cm. =; 1000 grrn.-calories 
42700 grm.-cm. = 1 grm. -calorie. 

Eims in tem|Hjraturo = 50000 42700 

= 1-17^ a 

2, Show how to cidculate the expansion required to cool a maM of air 1® 0. if 
BO h«t ii iuppli«L 
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Trn(l<‘i‘ thtw' circtuu.stanct'H t.h<‘ work (kmo t»y In to th«‘ htmfc 

truit. it han i^jvi'U (Hit. If tlic workin)^ (Iitror«’in*i' ot jiroaHiir*' c<»tiHtftnt) 

tliat pnxiuct'H tiu* cxpanhion !«’ P and the i»uTfa:«- of volmio Ih’ d \\ thou tli« 
Work (lone P(/ V in work units tir P(/V' ; .1 m h»*at unitH, jh ««juivA. 

kuifc to tho quantity of heat, that han (ii.Ha|n»eart‘«l, whieh jh ('p, the «ponfie himt 
of the gas. 

,/v ‘V;’, 

QUKSTIONS ANI> KX KIt( ’ISKS 

1 . Why in it that wiili a gna under atm(»M|»herie |ir*”iHuri' the f|umitity of heat 

inu'eHKary to pnaluei' a given ehaiige of tenijM''rature vaneM with the height 
of the harometer? 

2. Deaerihe tin* ehangen which take |i!aee wlieii heat m a|«j»lietl I l!». of ice at 

0 ‘' (X until it in conveitrd into va|Mmr. Aeeonnf for the «|ifferem'e in the 
(jnantity of htsat reiiuired aeeonling aft the lee m in an o|iiin t*f in a ehwed 
veHHeh 

B. Find the(*xtt*rmd work done in mining gun. «»f air from ti tt» tfi at eouatant 
pruwure wlien the tHir«»iueter atand tat 7 HI nun 
4 . A onhie foot of wattu* in heated from ti to ion uioh r standard atmo«|(hene 
preHHure. Find the external work thuie, the volume of th«» water having 
inensaaed hy 4 |M*r I’ent during the o|w*ratit»n. 


(IIIAITKU XXII 

MyrUKRMAt. etlKVK.'^ <'(INTINI ITV ue htatk 

244. IKOTIIKUMAI, AND ADlAHATiC ( HANOKS, Tho 

absorptitin or ovohition of In^at by Inwlam areoinpjifiiotl l»y r-himgm 
in «n6 or morn <if thnir tlmtingtii*i}nng phy ideal jirripnrtir«» viz. 
Yolntrin^ pri!«8nn\ inul tnmjmniturtq anil tho roliitiunM liot^vooii iiny 
pair of thcmo variahlm tniiy ho vory rtniviniiitfitly ftlnnvn hy {inrvm. 
Hueh cliagriinw am ofton tiMotl abti to inilinitn u fitil.tirr roiitlt of 
importoncik viz. tin? work clmio ilnring tho pntri^m. 

Wo png-toiitl flrit to i!«m! with gaanw ittnl x'ii}ii*ur^. II10 chiitigei 
in vohniio anti proHsura triiiy taka plara ninler inlliar of twu rott- 
clitiorii^ aet^ortling iw thti tanij«?ratura rtnnaiii» riiniit4iiil tn* m iilluwtiil 
to ohanga tluring tha o|>prittion«, 

Thitfi, 8Up|Miiii w(^ fiitva a f|Uiintity of itir aiiiilitifiitil in ii niatal 
cylintliir. If thii air ha slowly aotnpra^wnl l«iin«qmliira will 
rtiroiiiii ccwiitant unlaw fli»turhwl hy axtariml aiitma#* for iiiiy liaiit 
that may m davaloptMl hy compraaniiin will hartiitni tli«ii|Mil«L 
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Suppose', liowovor, tlui air to be contained in a cylinder of wood, 
a,tid t.hc coinpi’cssion to take place quickly. The heat developed 
dui'ing th(‘. (‘oinpression cannot readily escape, so that at the instant 
aften* (•onq)r(5Hsion, the temperature and therefore the pressure of the 
ail* are considerably higher than would be the case if the operation 
had taken place slowly in a metallic vessel. When a gas changes 
in volunie and pressure under such conditions that the temperature 
r'emains constant, the change is said to take place isothermally, and 
tln^ curve that represents the relation between pressure and volume 
is called an isothermal curve. When the operation takes place 
undtu* BU(‘.h conditiotis that no heat enters or leaves the substance 
(bu'ing th(^ pi’oc,(^KH tlie c.lunige is said to take place adiahatically, 
and tb(‘. c,ur\’(^ that i*('.presents the relation between pressure and 
volunu^ is calh'xl an adiabatic curve. 

Adiabatic chang(^s will be considered more fully in Chap. XXIV. 
\\\) now proceed to indicate the characteristics of isothermal 
curves. 


245. CONSTRlUrnON OF AN ISOTHERMAL CURVE.-^ 


Suppose 10 c. ft. of air 
at O'' C. to enclosed 
tinder a pri'SHure of one 
atniosplun'{5 in a long 
cylind(‘.r of unit sec- 
tional area in which 
works an air-tight pis- 
ton. By applying pres- 
sure to tlu^ piston it 
can be gradually forced 
down the cylinder, and 
if t.he tcm|)eraturc re- 
main constant through- 
out, lioyle’s law is ap- 
plicable, so that the 
prcKluct IW is constant, 
and we obtain the fol- 
lowing values: — 



ViiUimc: ■■■• 

Prttwiifti in 
Atmiwphorm:*- 


10 

9 

a 

7 

6 

5 

4 

a 

2 

1 

1 

1*11 

1 

1 * 2.5 

1-43 

1-66 

2 

2*5 

3*33 

5 

10 
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Now draw tw(» linoH ov aod no hI- nflii’r (fig. 

171). This ptmit n in ndltMl t\w ori^^iu* <»i’ tli*' uxih «*f prosHitre^ 
aiul ov tho axin of voluiao. Along t»v mark i»it loiigthg 

in tho ratio of tlm ihuiiIwi-h indintUrtg tUv vuliim.nH itlmvo, mtd at 
the poiatH thu« <ihtaiiu*<l sot ap murv^niM^ pto-jMOidiniliirM wluwo 
lengUiH reproHcait the roriwpontliag A mii*-'* tif |H»iate 

is tliUB iletarniituul through whirh a I'ontioiuaia liar la ilrawn, am| 
we ol)tiun the curve which rrpri'm’iit:^ iln* rrlaiioii iictwmi 

the preHHure and vc»luiue of the air at ih«’ pariinilar ieiiiiicriiture 
choHlUL 

Huppone that the air hi^ now alhoved to mpaiid f.o ita original 
volume and the temperatur*’ nii.Hfnl to i\, tho primfmre will 
thou he two atmo«plH*reH and the pitwhei in ;*u, If the wlioli 
serioH of operatituin Ihi repeated at 2 iAr C*. ive the folltnving 

aeries of valuea: 


Vnlumio 


H , » j 

Ii 

1 :i ,■ 

in 

Attii<w|>lwre«: 

M *#''1 
n? 


:i a;t i 

j 

t* *i fill |n 


and hy proc’eeding a« hefore we obtain the rnini^ rhih, 

In fig. 171 tin* eurvea are nUu ,show'n lor lofii|iinaliirie'i hlfi* C 
and Bill" (J, Thesis cuirvea art» i«ntherinid riirv**fi. 

246 . (JlIARAXr^ 1 ^IUSTIi^S mF iSudHICUMALS FflU A 

PKRFKCrr -^Sifieii an iiotlieriual rmae tn roiiiUriirted cm ttie 

siipiKMtion thiit the pr«hiet |*V m a ron'*»lafil *|naiiiii)% ihi’ iireaiif 
the roetarigle uiiai* k nmwtitnt, w^hiitever may !«' Ilic poHii.iiiii of ilm 
point A on tli« curve. 11ie curve wlurti iIiih jirojunty ii 

cmlled II reetoafular kypirboli, uml the axm in aiel i»r ure niiliil 
the Mymptotis. Aa the curve m extended earli hraiirli eiiiilifilliilly 
approiwdieii on® of the naympiote.#, Imi never ri*ai'}ie..fi it ’.riiifi iinmni 
that iw tliii prcMiire ifiiTeiiai»a the vohiim* of ilin i*m etiiitiiiiiitlly 
diininialnw, hitt eitn mn'er laaaime ^»ero, a-w preft..»iti'e d«Ti’eii#ei 
tlifi vcdiiinti limy increime in im uidetinite evieiii, 

If a linn 114 ki driiwn limeriing the ungle rov, ilini 4 ii n till 
1^- half the it|imre on «a, i.e. fur any |»utsl on tlie riiin'e llie jir«ttict 
nv k pro}Kirtitiriii 1 t 4 i 04^ hut l*v k pr*.i|a»riioiiiil in ilm nliioliiti 
t<sm{M,iriiture{Art, fif); m itiitie iili««!tito 

temjMiriiturti tif thii g«, 
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If a tangent be drawn to the curve at any point A meeting the 
axes in E and E then oc = CE and OB = BF. The length EC 
repi'osents the elasticity of the gas and OC its pressure; these two 
quantities arc equal. 

The isothermals of a gas at higher temperatures lie farther away 
from the axes than those of lower temperatures. A little consider- 
ation will show that the curves never cut each other. 


247. ISOTHERMALS FOR THE ^‘PERMANENT" OASES. 
—A {)erfect gas is one in which the internal work (Chap. XXI) is nil 
and which therefore rigor* 
onsly obeys Boyle’s law. 

Ah no such gas exists, the 
foi*(^going curves do not 
accurately I'epi-oBont the 
behaviour of any actual 
gas. ''riiey |)veHent, how- 
ever, a type towards which 
the isothermals of actual 
gases approximate. The 
* ‘ perm ai um t ” gases — ai r, 
oxygen, nitrogen, and hy- 
drogtm approximate so 
closely to this type that 
refuied ex})eriment8 are 
necessary to indicate any 
d(q)arture at ordinary tom- 

peratures. The nattiro of that departure is indicated in fig. 172, 
where the isothermal of a perfect gas is given for comparison. 
It was shown in Art. 120 that as the pressure is increased hydro- 
gen occupies a greater and other gases a less volume than that 
assigned by the law. For the sake of clearness in the figure 
amount of deviation from the theoretical curve is much ex- 
aggerated. 



Fig. 172 


248. IBOTHKRMAL OF A VAPOUR.-^ Suppose steam to be 
operated upon, the vapour being in its initial condition at 100“ C. 
and at a very small pressure. Under these conditions the vapour 
very nearly obeys Boyle’s law. As the pressure increases and the 
volume diminishes the vapour gradually approaches the condition of 
saturation ; the volume decreases at a greater rate than Boyle’s law 
iiidioates, and the isothermal AB in fig. 172 falls below that of the 
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more {)arftH’.t ganan. Whati t1\c» atuuliiinu in rr*arha<! whirli i« rapra' 
Bontocl hy the point n on tin* cliagnum ttn* H|i*ani l»aing «ituratad, 
the sligl'iilaHt increaH(^ of proMMiira aiiUHOH munr of it to hr roiHitnmwl 
into water. If than tha pinton daHaand hIhwIv !hr pranmira iMHitinuos 
couHtant at tha maxinnnu valua for tha aHmgnad tiniijiaratura; ami 
the voluina nUmdily diniinmliaH tnttil tha wlmla liitn Itaaonia watar. 
Thin part of tlia. iHothannal in thun a Imri/.ontul linr nr. If the 
presHura ha Htill further inaraanati tha ahiinga id volmna of tha litpnd 
m vary Ktuall for a great- iiiaraana of prawHure, and tin* iHiUhannal 
baeoineH an ahnoHt vmliaal line rt». 

It i« ti» roilunn ihr hii*’ Alt n» tl»»' r««inl ?%. f^r Uy go’iil vi%rr- muiw 

(’tirtftia roiulitittiw a vuiMttir iimy l**‘ niiUirrlt^d Im a iurri’ifew^ of 

posHHurts wiUiout (•oudt'ntinti»»ii 

Ant! MO in tin* cimvi’rMo oiH-’Oiltoti WMtrr tmy |tri^M'ijfr»| fiuto r\ti|H»rttttng 
whom tlu' proHMurr in low«’r<’«t i»» lh«^ otlto’ n» ih#' pimii i*: nn tho 

diagram, hi tH>th tlow’ how«a-rr* ilio ihi? ohaujiti 

in a violout tmuntor. Ah ihom- two ?mmU iwatioiiH *>: »ud iwi arr pra^iitially 
obtainat>li% tho ihotirotn'id nirvo Itotwnm t» and r i« *»! th%-- i*»tm itnp* whirh k 
not diaountinutum. 

A not of iHothannal linaa ftir water Miaam would praMant tha mtma 
charaeteriiitiaH an tlnma drawn forrarhoma arid in tig. 173, the lownit 
iHothormal of fig. 173 atirreM|H»!Hiing appro^imataly t«t tha wat4W‘- 
iteam iHotluirinal of (l tha next to that of ItHl it, anti tha third 
to that of 380' juHt ahovi’ tint aritiaal liunparattna of atimm 
(Art. 261). 

249. MIXTIdlK i)F i#AS AND V A 13 ITU. If a mixtnr© 
of air and water ^-apour ha aoniptaMaed iHotharniiilly tin' diagram 
kikeH thii hinii Hlnnvn in Am ffig. 1721. %vhirh i« 11 aorrai’i inothan 
mal for mudi a rnixtnra at htf C. 7\w origiiiid vt»!nina at a m 
10 and priMHUra Hill, of whieh 7ftH im due to air mid 8*02 to 
the water VfijMiur, the pri'imiira Iwnitg iiiaiiMuratl in rnniiniairai of 
meraury. 

The nuiiurti ii aompriwiiwi until tln^ votuiiit^ im il aitd tha jira«ure 
27‘7, whiah is miido up of pra»«nraM of I2’H nud ||ii fur idr mitl 
va|KHir r«|Hictively. Ammting that the mixtura olwy^ llnyla # law, 
the curve a¥ it a hyperlmla. Whan, hownvtir, itip jmifit ¥ 114 rtiiirltiwt 
the priMnre of tho wator vajamr him raaatiad ils titiixitiitirii for 
tha tmujiariittiro and iiugtitanla no fiirlhnr. Wtiaii tti«^ iiitMtiira it 
furtluir compfiiiitid tins diminution of vfiliiiiia m iirrtiiiniiniatl hy an 
inaraiiia of thi air priiiiiira hut not of tlw vii|Miiir praiiitrir Tlnii 
when the volurmi ii 5 thi prMauni in vi^ IfrI tlitis to lliii air 
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aiul 14-9 clue to the vapour, and so on. The portion fo is there- 
fore not a hyj)erhola, and the whole curve afg is broken into two 
|)art« at F. 

250. (JAEBONIO ACID,— The method and general results of 
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tho cximrimentH of Aiutnnv.H tin noii! uro givon in Art. 131. 

Wo give in fig. 173 t!ui iHothoriual linoH of Uuh HiiltHUun'o. fur novoral 
(lifforoiit Uunptn’atun^H, tho pn^HHuro Innng m HttmwplH'roH and tho 
vohuno in arbitrary nnitn. 

Isothermal at 131" C. Starting wit.li a qnantity uf gas at this 
tomporatnro ihn wan gradually iurruasoil up tu 47 atmu- 

Bpluu’OH, tho Hubstanro roinaining wv far in tho ganmniH ntato, and tho 
cnu’vo (not shown in this figtiro) bo-ing of tho funn gi\rn in fig. 172. 
At a proHHUro of about 47 atmo.Hphoros, whon tho vohuno \vm about 
7 unitH, oondtumation bogiun oxaotly tho naino way m with «toiuu, 
tho li(|uid and gas hoing in tsuUaot with oaoh otliori with a woll 
doflncut Hurfaro of Hi^paratiou. Tho pros^uro roiuainoi! idmoat rom 
Htant as li(|uofaotion proooinbsh ns is indnatcMl by tho horizontal 
lint5. 3'ho wholo wiion li<piofio«l t»oonpiod jiIhuu 12 voluino. Tho 
coutraittion of volunu^ in litpudniiitm was muoh h’sH than in tho oa«o 
of wator ami Httmm. 

Isothermal at 21*5 C. At this loiiiiHiratuio tho Hulwianoo 
ratuainod wholly in tho gamamH wtato until ilto prossnro roaohod 
about f>() atnuwjdmros and tho vtiluino about 5 tuuia- C omlon- 
Hation tlnui took plaoo m bobwo nl oonatani piosHuro, and tho iso’ 
thartnal hiH'onms Imrizontal. 'Uto whttlt^ whon liipiotioil tHanipicHl 
about 1*5 v<T 

Thus it afipoars tliat at tho highor tomporaturo tho ga» was much 
morndonso hoforo roudonsation bogan, whilo tho titpiivl |ii«s!tU’iMl was 
much loss donso than bofor«\ 'bho tw'o stairs w-ort^ approx iiniitiug 
to ea(h other. 

At tomporaiuros bt^twoou 'il' aiul 3tr thm ttppn»xiniittioii tmh 
tirniiw, t!m horizontel lino in tho diagniin litnamutig shortor and 
ihorter a« tho toin|wraturo is raimb mitil at 30 1*:!' tho horiz.untid 
lirui vanishes, i.o, thoro is at that toiii|M»ratitro iiti p«rii«l during 
which liquid and viijamr oiin bo so|«iriitoly disiiuguisliod, 

liothermals at 31*1, 3S‘8'‘. 3&’8''. At rhoAo totti|airiitiirt» m 
the vtdumti diriiinwhcw under tho inoriwiiig prcsititro ittoro k tm {mrt 
of the lino j)erfectly ht*riz.ontal, hiamiiao tho prtwaiirti iiovnr riiiTiiiini 
(|uita eonatiint m tho volume iliminiahm l1io aubiinfini m never in 
two distinct conditions in tliffereiti {laria, but roitiiiitis in ii litiiiit>» 
gcineoui utatiii throughout the ttda'. 

At 48*1" and alnwn, the imthernmk lucliibii iifi diviirgotioi in 
general eharathir from the ordinary typ fur a giw. 

asi^^CmiTIOAL TKMI»EIiATnf(R- Tim triiiiwnitiirti 30*lir 
is the eritiatl tom|)«mtiir© for earbiiriio mii. At tliiit liuiifieriitnrt 
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and at al)()ut 74 atmospheres pressure, the substance is in the critical 
condition (Art. 121). A glance at the diagram will show that when 
in the criticud condition the substance is less than half the density of 
the ordinaiy liquid. 

Below 30-92" G. it is possible for liquid and gaseous carbonic 
acid to exist together in the same tube; above that temperature such 
coexistence is impossible, whatever pressure be applied. 

252 . WORK DONE DURING ISOTHERMAL CHANGE OF 
VOLU ME. - It is an important problem to ascertain how much work 
is done on a gas when it is compressed isothermally. Referring 
back to Art. 245 and fig. 171 let us consider the work done in eom- 
prcHsing the gas from 8 e. ft. to 2 c. ft. at 0 °. The working force is 
always ecpial to the pressure of the gas, and the distance worked 
through by the force is the length moved through by the piston, 
which is proportional to the diminution of the volume. The area 
marked out cannot l)e a rectilinear figure because the pressure of the 
gas is continuotisly increasing throughout the whole operation. The 
area xdry (fig. 171) rtjpresenta the work done in this instance, and 
the problem is to dctermitie that area. 

Ah a rough approximation wo may take the mean of the ordi- 
nat( 5 H whi<‘.h arc given in Art. 245 to represent the mean pressure, 
artd multiply by the distance xy{^ 6 ). This gives for the area 
2*45 X 6 = 14-7. 

Thc^ r’ule given in Art. 208 gives a much better result. According 
to that the area is 

111.25 + 5 + 8-32 + 27*04} = 13*87, 
which is very near the truth. 

1110 above, however, are mere approximations. The correct value 
when the curve is a hyperbola, i.o. when a gas obeys Boyle^s law, is 
obUined as follows:— 

I.et the original pressure and volume respectively be and 
then since the temperature remains constant = a constant; 
call this constant A. 

Now suppose an extremely small decrease of volume to take 
place, then the work done on the gas is Pi^^V^ == A^l where -yA 
is a very small fraction. 

If then the proeesH be split up into an extremely large number of 
iuch steps, wo see that the total work done = A x (the sum of a 
krge number of small fractions). These small fractions are no two 
c e m > 23 
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of t,lio same viilno, so that, tlioir mimmiition is only iKiasilth! hy tlm 
calculus, lutograting wo have 

w = A 

J V. 

= A (log, V, — log, V.j) 

= l‘,Vi log, or V,\-, log. 

= I',v, (or I’,,v.,) X 2-;uvir.Hr, x log,,, J.'. 

^ u 

If r “ pniasurti in anti V vtihitni’ in | th«’n W • work in 

{a) pnun'JlH pnr Wj. foot, (n) cuhio j lt*1 font |w»niuiii. 

(6) jjjmntmoH {Mir Hti. wntimotroH, (M mhitMvntimt'tn-H, \h\ wniimvitm 

Applying tliia t#() thn ahovn nxniupln vvi^ 

W = K) X 2*3a*jr>Hn x ^ 

= 23’()2r)85 X ‘OO-iOa 

= 13*80 1 in tnrnm t»f iht^ f«M»i and iitntcwphi'm 

In foat pomulH W - 1 3*80 1 x 2117 ^ 21»3mi, «t4Uic!iml 

preHHurn of thn aUnemphoro hning 2117 Ih. {H'I* Mipiara finit. d'ha 
roBult of thin Articln lian Uoon antirijMitod in Aii, 210. 

%$% HupiMimi thin 2U.‘lf»» fiM»t jHmmifi t»f w«»rk t** I**' «|»t’niE in warininn tho nnwt 
<»f air optsmiftl ninin, itn tt*nt|Hn*i4tnro Unn^^ on^ninOly n <*„ anti iho vohimn 
remaining at H i\ ft. 

Thtwi 2UU5n fttot’iHiunila «‘f wttrk 2lUlf»n *■ UWI *iM tlrgwsa t>f 

liisat. 

Al«t th(' jutu« of air in 1 <*. ft, at atnioaphorio |irt»»nr«» iui»l at tr t*. ‘0Hfl7 
Ih., thoroforo tho minw of air in H o, ft, at I 2f» prownio ih *0^07 x H >: 

:::: *807 lit. 'Oho a|HH’itU! Iioiit t»f air at OMimtatit vtthnn*'' i« itlH, Thtw tho hnit 
ftlMorlHKl by tlw air whiln ita tompratnm waa riaing I" tl. m 'Mil K 'HIH iiiftll 
|iournl*tli*groi«. 

Thowiforti thn tnimatratiirfi to whinh thn air wonlil rati»'*l w 

* I ifiil 

amrly. 

254 . iHothnrmal lin «8 may itimi Ih^ tlmwn aliimiitg gm|itiirally tins 
0 hanga« of prtwnro and voUimo whan a Mubutniiro cdiiittgoi fiimi thci 
solid to tlui lu|nid wtato, hut th« tthangem of volumo tlmt nitutio with 
cliango of priiiiure aro m> anmll that nurh diiigmitw niiiiiHii \m ilmwti 
to acalii. 

lee-water,*— ’’rhis suliitanfo tMteupi^a hm vnlumti m ii litjuitl than 
m a iolid, and eannot Imj got m a aolid tilMivts 0" iX llui linn AWil> 
(fig, 174) rapraiente tha isotiiarmal for the leiiifinrature atimiijiondinf 
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to tho triple poitit (-0074° C., Art. 106). In the condition repre- 
sented by tho point A tho ice is under a small pressure. As the 

pniSHure is increased to one 
atmosphere (|)oint B) there 
is a diminution of volume 
of the ice. Further, under 
this preasuni the ice lique- 
fies and there is a further 
diminution of volume, tho 
line no being traced out. 

At (5 all the ice is melted. 

Fui'tlun', great increase of 
proHKure produces a small 
reduction in volume, and 
the line OD is traced out. 

For a Unnperaturo — 

0. the isothermal would 
take tho position of tho 
dott.ed line. 



tion 


255, TIIK EQUATION OF VAN DER WAALS.-~.The equa- 


rv = no 


•(1) 


not being an adequate expression of the gaseous laws, a step to- 
wards a more complete expression has been made by van der Waals, 
who writes the equation thus — 


O' + “0 (''-<■)- 


ne 


( 2 ) 


tlie new terms l)eing introduc.ed to satisfy considerations the outline 
of whieli we cTuleavour to give. 

With reference to the factor (V — b) consider a mass of gas con- 
fined in a tuba and subjected to gradually increasing pressure. As 
compresiion proceeds, the molecules are forced closer together, the 
mxm number ocetipying a smaller chamber. Now, in equation (1) V 
expresses the volume of this chamber. But the molecules themselves 
must occupy some space x if they were packed together at rest like 
billiard balls in a box ; and although under ordinary conditions this 
spiicci X is very small compared with V, the volume of the chamber 
they occupy, yet rigorously it should not be neglected. The volume 
we are dealing with is not V hut some smaller volume V — The 



338 


ffKAT 


quantity b (Inparnk on, Intt ie not to / jilnn o, tha mole- 

culea of the gan are not at rmi like hilliartl Imlk in a !hix, and the 
effect of their motion in to ineream^ thi« ‘‘volume^ eorreetioa ” from 
X to a liirgc^r quantity whicdi van der luiU eahadateK to Ins e(|Uid 
to four tinicm the actual volume of the partic^leH. 

With referenc(^ to the fiietor ^ V+ eonnicler ilte tdlWt of the 

molecular forccH exinting htUwt'en tlu^ moleeulcH lliemm*lve«. I'h© 
porouH |)Iug oxperimentH (Art. 212) pr<»ve iltitt ttt<» nioIemleH of a 
gaH attra(‘t eacth other with a fc»re(* which incTt^iiMOM tlte nt^arer they 
are together. The rc'Hult <»f (Iuh intm* nn^lecular attraction in to pro- 
duce a general Umdeney td the gnn It) Khiink into a Hnialler voliuna, 
i.c. to (liminiHh the n^HiHtance which tin* giw would offer to ctuuprm- 
aion. Thin producen tin* wime remdt m an increase in tlm i^xternid 
proBHure P. Thun the h»rce pnaiucing cotnpresnion in I* f j'\ the 
Hum of the (external pn*H8nre P and the force /‘ din< to nndeeular 
attraction. 'PhiH nndecular force being projwutional to the |mwluct 
of two attracting uutHHc*H* in jiroportiiina! to the wpiare of the den«ity 
of the Bidwtutice. Hence the qtmntity /’ viirien invermdy a» the 
square of the V(dume Y, ami in thendore written n | Thun we 
have tvpiatioti (2) above. 11ie rentdt^, given in Art. I2il, are by this 
equation eamly eapahh^ of explanation. So long m I* wiw le»« than the 
preBBUre of 51) metrc^H of inereury the effect t»f the volume correction h 
was for most gasem smidler than tliat of the cairrection for molecular 

attraction y.,, hut wdien P wna greater ihari that j»r«^«Hure, iht^ latter 

correction was grtmtin* than the forttim% The reverse holds gtHMl for 
hydrogen, in which gas the foree of iimhamlnr attrnrtion iippimra to 
he very smiill The reHitlta of Arnagat s ex|an'imenta are much more 
in accordance with the ei|UiUion of viin tier Wiiak ihait with thiit of 
lioyle. 

lint the §(|Uiiti«m of van der Wiiak gmm furl her iltiirt to furni»h 
some explaniititm of the relationii Iwitweeii the |irewure, voltiitie, and 
temperature <d a ma«« of gaa. It eonstttnies iiIjwi im itii|i«rtiiiit itisp 
fcowardi the formidation tif th« etinrieciiinn laU'Weefi the giweiuw iiiiil 
liquid itatei. When nniir thii eritieid the intileriiliir cfiwtiliotw 
of a aubitenci are fcitmd iii he rnueh th« ^iitie wluiilier it m liquid or 
giwaoui. Whfincti it apjMifiri that ittohirukr iUifU'*gy m » futieiiiui rather 
of tamperature than of pliyaienl and tliiit the geiieriil Iiiw 
holds good for a ilmphi hoimigiiimtti iulmiiitiee tliitiiigti Ijtiili wil- 
ditioni— liquid and ^«im 
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The constants a, h, and R of equation 2 above are different for 
ea(5h gas. The value of a is found from the results of experiments 
in which F and d vary while V remains constant; and that of b from 
the change of V with P while 6 is constant. Examining the results 
of Andrews, Repiault, and Amagat, van der Waals found the fol- 
lowing values for carbon dioxide: — < 3 ^ = *00874; b = *0023; 
R = 1*00646 -r 273. 


Using these values in his equation he obtained a set of curves 
foi* dillVvrent tcunperaturcs on the hypothesis that equation (2) holds 
good whether the sub- 
stance is gaseous or licpiid. 

IdiOHO ciu*v*(‘s are shown 
in fig. 175, which should 
be cornparcul with the 
curvum shown in fig. 173, 
which were obtained ex- 
perimentally by Andrews. 

It is scum tliat the two 
sets of curves are for the 
most part identical. When 
the value of 0 is below 
the critical value, the 
tlu'oretical (Uirvo is of the 
form shown in the two 
lowtu* isothermals of lig. 

175; when 0 is above 
that vahn^ the isothermal 
tak(‘.H sticcessively the 
forms shown in the fo\ir 

tipper curv(‘.H. The difference between the lower curves in the two 
figure's lies in the central part, which represents the behaviour of 
the substance when it is not homogeneous but is partly liquid and 
partly gaHt'ous. It had already been suggested by Professor James 
Thomson, from consideration of the facts mentioned in Arts. 60 and 
110 , that the correct form of the curves is that shown in fig. 175. 

Critical Constants,— By multiplying each member of equation (2) 

above by and rearranging the terms, the equation of van der 



Fig. 176 


Wmdi may be writtim in the form 






, , ii«\ 


«v 


ah 

T 


= 0 


.( 3 ) 
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a cubic eqimtiou yic^lcling thnu^ valucH c»f V f««r cviut given value of 
P and 0 . It foIlowH fnnn the proper! ion «>f cubit* ctpuitionH that of 
the throe rootn of the t*tjuation either t>iH^ munt be real anti two 
imaginary or all thrta^ mtmt be real. Otily rtiofs havt^ any phv- 
sical meaning. ThuH when tlnu'e are tlillerent real viibn*H of V 
corrcBponding to any given presHure P tm tln^ Kame i.Htitlit*rnial, iw 
indicated for tlnm-urve mm in hg. 17b, the meaning in that ihcKuh- 
atance can exint in thr(Hu*onditit>uH at t hin pre.HHtire, vi/„ (l ijilt litpud, 
(2) partly Htpiid and pai'tly gaseoUH, and (b| all gn«etnn4. Ah iHuther- 
main are takem a(. HUcc(‘H.Hi\ ely highto’ teiHperatur**^, tlicMc tliree valnea 
of V approach each tither, and when they beeurne identi«*al tlu^ mile 
Htanco iH in itn critien! ntate. The vahienctf the timipm'iUnro^ 

anti proHHure wdien the Ktibatanee in in tliin alafe jin* ealled them/mii 
volume (Vj, erilkal lemperolure and triliea! prrstuuY {\\p And 
theti 


(V - V 


11 


V* - 

■CIV.) 

P -» \ / !l ,,, 

0) 

Comparing acpiation * 

1 with 

ecpmtion b ue have 




1. 1 

O) 



e 

i*. "■■■■ ■■ 

.. (li) 


\V' 

ith 

K 

(”) 

From equationH 5, 0, 

iniil 7 

we obtain 






(H) 


V, 


, (M) 


W. 

Mil 

:!7P^* 

(If!) 


Thui w(i lifiva the eritieid eoimtiuits in |.erm« id o, h, itml It. From 
tile value! of fq and U above, w*e ttbtain lor rnrboti ilioxiile P^ 

01 atmoaphara^ and B, :io*ri- ct, which agree welt %vitli Andrews 
viduea, 

CoiTOSpondiEg* Twai clifferent .Hulwtatirei arii in nwr- 

npomimtj sinien when tln^ ratiew tmtwwn the aetiijd viiltinie» prwjitirii, 
and temperaiiini and ^ the critical viihtttie, |ii‘eM«iiri\ iind tmiiperii'’ 
turn rsipectivoly are thti naniis far the twn «uliiiii.iiirei4. Hiippoin the 
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acttial v(>luit)c, pressure, and temperature of a substance to be 
V, and 0, tlion we may write — 


P = = 

V = /xV„ = 


Aa 

27i2 

Zbji 


$ = v6^ 


8av 

im’ 


p. 


Substituting those values in equation 2, we have — 
(W, (w, - 5) - ,K«, 


i.o. from 8, 9, 10 nhovo, 


which if both widcH 1)0 divided by ™ becomes 

+ J) - l) = 


8a 

27R6 


.( 11 ) 


an e{|natioii contmning only the ratios mentioned above and inde- 
pendetit of any (‘onstant referring to any particular substance. 

P 

llie exprosBion X = \ is called the reduced pressure^ 

* 0 
V 


fi = the reduced volume^ 


a!id V 


the reduced temperature. 


If one plots on a curve the values of X and g for a series of 
definite values of 0^ isothermal lines are obtained which are common 
to all stdmtances. Hindi isothormals are called reduced isothennals. 
When X, m and v are each ecpial to unity, the isothermal obtained 
passes through the eriticuil point. 

When for any two substancos X, /a, and v have the same value, 
the two 8ul)Htanr(5B are said to bo in a corresponding state or co- 
incident condition* 

Thm the absolute critical temperatures for ether and carbonic acid 
are 47(J' and 304”. If we make ^ j ^470”^ and | ^304°^ 

are corresponding temperatures for these two substances. 
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Again, for oiluu* at 0^* (-1 tltn climinutitni of Hiiwiftr v{»iunw that 
r( 5 BnltK when tlic pn'HHUrt'. in iiirroamHl hy I atiiHKHplioro k •OOOIL 
I'hc critical prcHSUri^ for ether in alwiut atino^pliercH. Kmv taking 
chloroform, for whicli tlu' critical prcHHun* k alHitif fio atiimHpherea, 
we find, from tlu^ al>ove figurcH, for the tliininniinn uf volnme in 
chloroform corr(mp(»n<ling to the. increane <if I atmoapliert* in pressure 
at 0“ 0. the value 

■00(111 X I'l’ •00U07‘J. 


and expi'riment given •(HKIOTd. 

Agaiii, take tlu^ vim\ of carhonie iiei«i and ether, for winch we 

have ertilt*«tiit' -O l«l Klhrr, 

( t’itical I I 170 

dritit'iil ... j 72injnio, | n«lli rtiiuiwi. 


Let th<^ actual prcHsurc* P of the carhonie acid gim he I atmosphere, 

I* I 

then A for cnrlnmic acid ■■ ■■ ami the arina! pres-unre of 

I ^ i m 

etluu’ vapour in the eorrcHpondiiig state, i,e. uhere A has the wunci 


vahu\ is X 3tMI ‘fd atmonpheri'. ‘riun known hy expeii* 

numt to he thi^ presnurt* iif ether \aponr at tftm fal«4iitntc). I1m« 

for etluu' e . "*■ *h‘A ami the rorrefoiomiuig iemtiera' 

iL ilo * ^ * 


ttire for earlnmie acid ■■ 304 k i»U fahsolnte). Am 

the pressure is I atim»Hphere, this temperatun* I .Hfi i\) ^houhl 
the hoiling-point {»f carhonie acid- I'h*^ vain*’ ohtained hy exjMiri-^ 
ment is —HU" (I 

These e.Xinnplcrt illustrate ilic value of the ridatium* mifnhlislied 
idauve in imahling the eoii-4ants of certiiin rliisseM of leihHiaiires t«i 
lie calculiitial. 

There i« hi many easiw considerahle lark of exaii. agreeitieiii 
Iwtween experiment and varitnis dediniinn^ funn van ilrr Wiuik’ 
ef|uatitm, Thw liiiit led tii auggeste*! moihflriiijoiii* , Imi ilndr full 
ecmsiicinanecfi have not heeii developed. 


ANl* KXKPriHKS 

1* Itbtia^uwh n »ati » fif-w'tili*’ ilsr- «f « tiii* tif 

ctirlMiyur sum! iliiiiiin t-l*r foituwm^ . 

pi| Thtt U»" t*. |irr«ws-iif#i 

I In fill atfiiiwpliwrrfi j at- lliia nrt-'»iirr. ili*-. o i«|i* i.iImo *n ftt}i*iibitly 
t« le'** iX; {c| lli« m thru otUpr#! !« itii«ir»|i|iriir. 
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2. DtsHcribu and givcj the roHults of Andrews’ experiments on the isothermals of 

liipiids and vapours. 

3. riot out a ('iirvo showing the relation between volume and pressure of 1 grm. 

of dry air when the pressure changes from 10 mm. to 760 mm. of mercury, 
th(^ presHurt! being read every 75 mm. 

4. Kiiul th«! work done on the air in Question 3: first, approximately from the 

diagram ; siu'.ondly, accurately from the result of Art. 252. 

5. Kim I the work doiu^ in compressing 2 c. ft. of gas isotherrnally until its volume 

is 1 c. ft., tlm initial pressure being 14 '7 lb. on the square inch. 

6. If the work doni^ on the gas in the previous examples had been expended in 

warming it instead of in compressing it, find the rise of temperature. 

7. Explain tlu^ law of e.orriwponditig states, and give illustrative cases in which it 

itiay be aj>j)lit«l to dtulnce probable values of the thermal constants for a 
Hubstance whtm comj)lete experimental data are wanting. 

8. I4xplain how tlu‘. (hmsities of a li<i[uid and its saturated vapour have been 

mtumurtid up to ttmiptiratures approaching the critical temperature, and show 
how these nusasurenuuitH may be employed to determine the critical volume. 


CHAPTER XXIII 

heats of gases 

(1^, ■ sp(H!ilic heat at constant pressure. 

heat at constant volume. 

I>Y 

Fi r tht< value of the constant - . for unit mass of gas. 

y - the ratio 0^ to i\. 
t - cihwti<uty. 
p d{UiKity. 

256. liEl.Al'IONS BHrWEKN THE SPECIFIC HKATS.~~It 
hiw htMvn nhown that when a gas is heated and allowed to expand 
tmdnr pmssurih work m dona against that pressure. The energy 
Htippliod aecHunplislnm two objects, the heating of the gas and the 
ovtuT.oining of the external pressure. If, then, gas bo heated under 
mwh conditions as to do no external work, the heat required to effect 
a given rise of toinperaturc must be less than if external work is 
tlona. There are, therefore, two values for the specific heat of a 
gas according as it is measured at constant pressure or at constant 
volume. Tlmir experimental determination has been described in 
Art. 77. But the values of both C„ and wore known before 
niihfir of them had been experimentally determined, as the differ- 
tsuce l>ctween the two quantities and the ratio between them had 
\mm\ found by other methods. The methods are:— 
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(i) Tha in foiuid hy datarminiiii^ tin* of the 

onargy oxpeiHl(»<l in axtariml wurk. 

(ii) Tha ratio y in foiuid from ulmn-Viif iniin ini ihi* hi*iifiii|r ^jf} 
cooliiig c4rcH't>H whiah ura jirodta’ail hy adiahaUi' 

expannioti, and fnniii a (uaiipariHun c»f iIh* ralt*idiil.«*d willi the 
obHorvcul vcdot'iiicw of .Hituitd. 


257 . DIFFKKKNC’K td* THH SFKilFir IIKATS. . 
(\, — U. In Art. it wan ralruliif *‘d ilyit tha ♦*xfarniil 

work <lonc*. agairmt. tht* ntnM»Hplii'r«* \vh«*n I yjiu n| air «‘\paiid«Hl 
from O' to r* wiw rrgn. ditat. lh«‘n. ih fin* itnatunt uf thi^ 

diironmc’o ImtwtHm tin* nporitif Imata <4 .nr. \mw | ndunr . 42 

X U)*^ orgH. 'rinn'idort* <**»!»! oalfirn*. If we 

take the vidno of Hporifir hmt td air at r«»iiHianl prfH««ir** found hy 
Itognatilt to ho ’23io raha‘ii% tlnm the valur of ih »«• ii()p 

s=s ‘UnSri caiorio, and the ratio 



*237 h 

Mini 




A» nhown in Art. 23!h for any giu* «» thut a 

similar rulrulntion nmy he made fot any gafi. 

258. RATIO OF THK SRhriKIC’ IllvAlS When n giw k 
eomprcw«ed adialiatieally i\rl iN fem|»iu'iiiure ami when 
it ax|ainds adiahntieidly it^ temperalur** tulU, and ihr* rhimge of 
pressure or eliwtieity is semuhly pro|M»i tnand !** fim rlnifige of tern- 
peraUirii when tln»se eliiingeH m-*’ »nndl The ratio helweeii the two 
elasiieities whim a gas exjiaiidH adiahaie-.div anil winoi if in|«iiii!ii 
kothariiliilly is the miiiie m the ritli*i hetwem the Iwo ninwil'ie liefits 
of the gas, dim tiuiipf^ratnre imd |*re?*ftnre iiioiiifoiianly iiltnined 
by the gm ilnring iin ndinhaiie ex|Muif*i*4i be ilimily niwr. 

sured, (.dibnent and Ihkorines, iiieri*f«»r«% niadi' tdif^ ex|»rt'itiiPfit in 
the following tiiiutner!- ■ 

A ipiiintity of air at a jirea«Mro slightly ililbo"'i'iil I'roiii 
below) that of thi» atmosjihere, w-aa fmehwt*d in 11 hirgi^ ghi.» a 

(tig. ITtJ). d1te pressure «i( the eotsflm^tl air wan iiiea.*oifed by n 
nmnometer Nc^r. 

A tup if WIW then Ojanied nlhiwdiig rotiiiiitiiiiiiilfnii mill |||«s 
atmoiphere wliow jiressiire waia I*, 

A rapid ei|llllliml4till of pressure ItMih phtre belli reii idle llitllll-. 
iphere and the nir in 4 . The pnav## %tm t«* lie r«fii|i|til4i 

in aliout Itiilf n ieeiuid, iilttl tli« l#|i mm llieii ekruwl. 
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Dtxriug this time the air in a had been compressed, and there 
was not times for tlio heat developed during the compression to 
Ixsc.onus diiVused, so that at the instant of closing the tap the air in A 
was hottest* than that outside. As it gradually cooled its pressure 
fedl, and wlusn its teunpeirature was again that of the atmosphere, the 
pressure', as nuiasurejd hy the manometer was The ratio between 



p.j, and P may bei taken as the ratio between the temperatures at the 
he'ginning and euid of the) half-second interval. 

Tints, in this adialtatic change the original and final pressures 
were and 1^ and the original and final temperatures were in the 
ratio of to P; then by Art. 268, equation B, we have 


(ft)r „ - 1 

y (log - log P) = (7 - 1) (logi’i - log P) 
^ log ft - log ft 

"P p 

or very nearly y = ^ ^ . 

Pi -Pi 


In one oxporiment tho original pressure of the confined gas 
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was -0953 intigadynaR; tlia final pivRHura wiin MHIHH Thki of 
the atiuoHplioro V wm I'UKM’s 

p _ n I'tunr. -wtu^ ii|s:i 

then 7 ■- PiiosH ‘♦lOh'l 'Upla 


1 'IWk 


Mmmn and Horn nUtaintni vnluen nliuut I’l. 

Thin nn'.UuHl in liahle to ormr fnnn twn .Hntu coh. *V\w (dmnge 
is not truly adiahatie; t‘vory MilKHtant-r cMiMitH iH h«'a! lu mhuo ox- 
totit, and in half a s<a»on 1 tho Iohh by rtindionjun murn havo Iwon 
appreciable.. And, nioreo\<n’, a MiairN «»t r«-a!ly takes 

place at m, ko that it m ViO-y d<»nbitui at llir inKitirnt wln-n the Ht.o|»» 
cock is cloHtMl what thi' prcHHOti' fanHumod 1*1 ir‘.illy ih indde the 
voBsel A. 

259 . Rontgan'i Method. U<»nigen iiM«iilietl tln^ m fiil- 

lows* He eniployed a gl^HH vcnnid a (tig IVV) !ia\iny a rapacity of 

Tn (abfOit I't r. ft, I, and iht^ change 

of prc.Hsurc uaa indn’alrd liy niriins of a 
sporiiil arraop’Oimf. rrmnidding an aneroid 
baronMier. A i-ucnlur cMniiyafed plate of 
(lerinan «jhri' an aaa fanitnird ti\i’r an apin*» 
tore in the ;0‘ie *4 llii’ yjairi To this 

jiliite Wan aff-nclut'd a ^nial! rod wliieh 
pre-*Hed ayaitiHf t hr bark »4 a nsirmr t timt 
wiiH inonnled on a llr^iblr .at in ff, »o that 
when the pi-rniOHe in a idiiingrtl, the mirror 
f perf«*rmed iin angular inttfion round ihii 
I'HOnt c, and a npot ui light irflnirtl from c 
mm ihtm maile to irauu-HC a Hcale. II111 
anerohi protecieii hy a vewel n, whirli vtmirnnmvnlml by iiiearw 
of a tnbe / with iinother large glam glulw^ |••on^allllltg air iil iiiriifw- 
pheric pressure. dim «|Uanlilie« olmeHrd and the tiieiliwl of 
axpeirirntint wmai the aitme an behir«\ iixcepi that ig* ihr originid 
preH«tire, wiw in Ibhitgen'a ex|Hiniiieni»i slight ly gn’iiier iliiiii itiiit 
of the atmospheric the result being iidiabati*' expiiii-*ooii iioiteiid of 
compression. 

II115 vidne iibtiiined for air man I Iti!*, 
find for eiirlain dioi^ide I liof* 

260. 7 IHcTEH^lIXKH FUUM THE VKEtifUA'^ iiF HliHKlh 

- The following iiietlit«l of finding an e^|ir«wo*iii for llte iidiaity 

of »ound w dm to liiitikinii. lait fig. Ti^ n^priwiii it i»iii 
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square ccntiinc^tni in sectional area, through which a sound wave is 
passing with a velocity of x centimetres per second. Then x cubic 
ceil time tnw of air are diaturbed in 
one second, and if m be the mass in 
grammes of tlu^se .r (;ubic centimetres 
of air, and V tiie volume iti cubic cen- Mg. i78 

timetres of one gi’amme of air, then 

X ~ mV or m = ^ (1) 



Imagine two planes A and n moving along the tube in the same 
direction as the wave and with the same velocity, x centimetres per 
second. Air [lar tides are continually passing through each of these 
planes, lint the form of the portion of the wave they intercept is 
invariable. 


In Plane A. 

la'.t the actual vohxjity of the air particles ho a 

I'hen the velocity of these particles relative) __ 

to the planes are respectively J 

And the volume of air passing through the) 

planes per second / 

And the mass of air passing through the) x — a 
planes per second ... ... ... .../ — 


In Plane B. 

d 

X — h 

X — h 
X — b 

“vr 


Wh<u*e Vj and represent the quantity V above, under the con- 
ditions present in the respective planes. A little consideration will 
show as above that 



a X -- ) 

and h x — j 


( 2 ) 

( 3 ) 


llie same tuiwb m of air passes through plane A and plane B per 
«ec!ond, but it has a velocity of a in plane A and of h in plane B. 
1'hera is therefore a gain of momentum = 7ii{b — a). This is due 
to, and ei|uivalant to the difference of the pressures (P^ and in 
the planes. 

- «) ( 4 ) 

a = wi'(V( — Vg) 

- V,) 

? - - v(“;) 


but by equation 


p, - 
( 2 ) h 
P. - 

?i - 


Y 
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hut hy cu'fiiiiiitin 



\ 

*V 



Nawt 4 U!i huunl that thi^ vi'hn'ily ai ainiiHl m auv )^m \vn% i'i|iial to 
^alaHtirlty !' thui.Hity, hut Iuh iiuitHua**al m^ihialpas (Inf imf ngnii^ 
with t^xpiunmiait, htH’iuiMi' hi^ u»%i, tliv \aluj' *4 «■ nn 
uiuliu* istithtu’iiia! 

hi tlti^ |n’«>|mgat i«ui i4 a ^ouml wiivi^ tlir air m alliuiialoly etirti* 
pniHWHl iuhI uuttiy tilin’^, unujilly hI' in a 

sat'orici, Thnnn riiiiiprn^niorirt iind riiri’fiinitiiiH arr iirrninpanjiiil hy 
thn pruduftiuit lunl iliaiipiinHriitnai t4 hut !li«» rlnuigi^ Mih**« {iliit’a 
it) rapidly t!iat ttii’ t.»'inj»a*aiiirrit *4 rhi^ liillrrpiif parifi rmifnit ht^ 
coma atjuidiy,iHl, ainl tlir in alitniH! a imnirn'i px<iiii|i|f' nf that 

adiahatit* rtnnpn^siitui anil nxfwunuHii aiiiuiinital in fin r!i|iin'iiiiinitally 
obtidiiad in UmitgriiM nx|M’Hiinnii>^< givmt ahi»M» Hhi vatiir i4 i in 
thr ahnvn rrmilt w ttiin‘i4i»rn ihr valuf i4 ih«^ *'l4niiriiy di'lrriiiitital 
undnr atliahatit* riinditniiii, nul, m NiuUmii ttu’ vainn nf i 

whirh ii nlitainwl iindrr iftiitlnnmal runditnui^ nr It It imiy lai 
ihown that thn iidiahatir vidit*’ i4 « t« ripind ti» ) h, wh»n-i^ !* tit th« 
proiiura nf thn atnii»»phi*r«*. 

I'hnrnftin^ )■ ^ , f»r y ■■ f . 

#1 r 


fur pnrfrrtly ilry air at ir C', anti TliO innr |»rf^’i.rnirr p I 'OISI 
X ICJ*^ tlynm pnr nq, rrti., and p IMII’JIM gun. Tim tiituii nf 
tWf,.ilvci diitifriiiiniitiiinM i4 /» givni in Ki'urnti'w /'Ai/vit-ai t k 

S%l 1 80 rrri, [irr anr. 


hiriiHur^ 


nui‘j!*ri 
li.,i|:ni A lir^ 


I’lOi 


Thn mhir tif y m liniiatly tiiWri m hit. 

a6l. 'fhii viiliifi nf y Iwniig knnwn fur mt\ tliiit i4 nitipr gfnini liiii| 
hr fiiutid ri|a!rititrfini!ly by thn miillnal i4 Kntifii, 11s» ii|ij-i4iriiliit m 
ihown in fig. I7li, m* I« a lung glaa^ tiilwnf largr iKirr !« ri,itila.iii 
tlw giw. (.Iii« inid m rhwwl liy ti iiiti%-al4i» it aiiil iIip mliiir 

by a flxtM.i itopjMir ii', 1.1irt*iig!i it iwmim m gli»i itilm ii ritrryiiig ii 
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fitting stopper c. The tube aa' contains a small quantity of 
some light dry powder such as that of lycopodium. The tube d is 
rubbed briskly in a longitudinal direction with a damp cloth and a 
musical note is produced. When the distance between b and c has 
bocm suitably adjusted, the lycopodium powder in BC collects into 
small heaps, and the distance between the heaps is proportional to 



Kig. 171) 


the wave hmgth of the note, and therefore to the velocity of sound in 
tlu^ gas containi'.d in tlui tube A. 

'riien we have for air 7^ _ 
and for the gas in question == 

“ Ti 


but if and L are the distances liotwcon the heaps of dust, 
h = . 7u ^ f>'2 

h "Ti Vi/’/'i’ 


whence the value of y.^ is known. 

252. RANKINFAS CALCULATION OF THE SPECIFIC 
flHAl' OF AIR. liankino calculated as follows the value of the 
Hpecific heats of air a year before Regnault determined the value 
of C,. 

Tim %*lifrer<mce between the specific heats is obtained by the 
mathcKl of Art. 239, and wo have thus 

R = - C„ = -0691. 


The ratio hetween the specific boats being obtainable as in Art. 260 
from the velocity of sound, we have 

tv ==^1-41 C,. 

Their© are thus two independent equations containing the two um 
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known {|uantiU(m. Tho Bointion of thoso give? k)ih tke 

qimntitiea nought. 

ThUH 

'iiv, 

-HhH 

and (V *237. 

It must !>a observed that in the eah-uliitirui of ilm vidtm of 
C„ — (Art. 257) on whieh this c'ldcMilatiun is foundvil, the value 
of .1 IS involved. 

263 . GALGUI.ATION GF JGGLE’S KGl'lVALHNT. When 
Rognault had determined eK|Hn-imentitlly the value <if it beeiune 
possible by taking the vidue of y either from Ht»utgen s exiMuimente 
or from the nuUhod of Art. 2 <Ut ealeulati' J. 

If y 1)0 taken m Ml, given hy liegniudt m ’237, we 

have 


Thus tht^ lumt etjuivident of the externa! work tione wdtett 1 grm. 
of air is raised in tetnperature from tr C*. to I G midm' atrmwpluirio 
pressure is ‘237 d tlH ..t'i ’(Htti eahiHe, Hut this %vi,irk hiw been shown 

**Hl I *100 

to he 2H71300 ergs (Art. 23l>)» therefore tme ralorie ■■ 

= 41*55 X 10»^ ergs. 

Mayer made the earliest eideulation of the value of the tittad'iaiii 
cal cic|uiviilerit of heat. Taking the diiUt aviulabli^ in Ids day for the 
calcidation of ArtJ. 231* itml 257, Mayer obliiiiwt the valuii 3fi’5 x 10* 
©rgs. 

264. KXAMFl.K. 

The «|sic!ifie gravity «»f a mnm% am ttiwler a prra^irf* *»f rin. nf iMpreiiry »t 
G i.’. » i»f limt «tf water, Wlial es iI»p %'rr*si| nf witiml in it»fc 

that tiiiawiratwriif 

|i 

In lIlP 

e 

y m l*|j fi »no| iiriti. |»^r »ti4 

I* ^-1 75 n 1 8*6 M |s0r rin, 


ADIABATIC CHANGES AND CURVES 
QUESTIONS AND EXERCISES 


351 


L Show liow to calculate the mechaihcal e(|uivalent of heat from a knowledge 
of the apec.ific. heats of air at constant pressure and volume respectively, 
explaining cariifully any assumption made in the process. 

2. Dt^termine the value of the mechanical equivalent from the following data: — 

Specific heat of air at constant pressure = 0‘2374; velocity of sound in air 
at 0 G. ~ 33300 (cm. sec.) ; mass of 1 c.crn. of dry air at O'" C., and 760 mm. 
presHure *00121)3 grtn. 

3. Cah'.ulatii the value of the specific heat of air at constant volume from the 

following data: Hp. heat at const, pres. = '2376; J = 1890 foot-pounds: 
pressure of the atmosphere 14*7 lb. on the square inch : coefficient of expan- 
sion of air afa ; mass of a cubic foot of dry air -0807 lb. 


CHAPTER XXIV 

ADIABATIC CHANGES AND CURVES 

265. ADIABATIC OHANGKS.--The changes that were con- 
sidered in Chap. XXII as taking place in the volume and pressure of 
a giiB took place slowly at constant temperature. In the operations 
coUHidered in this chapter, pressure, volume, and temperature may 
all change simultaneously, hut the condition is observed that no heat 
enters or leaves the body during the operation. 

Although it is not possible experimentally to realize exactly the 
adiabatic conditions, they are often approximated to when the change 
takes place rapidly, and the substance acted on is surrounded by a 
bad conductor of heat. 

The great change of temperature that often takes place under 
sneh conditions may bo illustrated by a common experiment. A 
piston fits airtight into a cylinder which contains air and a piece of 
tinder* On rapidly forcing down the piston the tinder is set on fire, 
showing that the air has been greatly heated. Where does this heat 
come fromt By the light of the first law of Thermodynamics we 
are led to conclude that it is the equivalent of the work done by the 
external agent in forcing down the piston. 

266. Steam..— If a mass of saturated steam be compressed adia- 
Imtically the steam ceases to be saturated. Although its pressure is 
considerably increased during the compression no water is formed, 
because the temperature is raised so much by the act of compression 
that the pressure attained is below the saturation pressure correspond- 

(OWS) 24 
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ing to tho now toiopcniturn. Thnn hi kwp tin* hIimih mil iiniiiMl, lieat 
nuiHt 1 h». witlulniwiu uhnii itn on*! itn* 

I'hiH, rmoli h HoniotJinrH hy thr tlmi tiir* 

htmi of HatunU.o(l Ht.i*iuu in 

267. ADIABATIC’ C’DUVKS. An iMlwIiiiiir nirvi* mniiot \m 
<liriH!tly ohiaintnl m wan tho ntnn wit It tli*' iHitthm'iiiiil fArt, 245), 
If it cnnild bo contrivtHl that a iimH-n uf gaM HhuiiM \m runtiuniHl in a 
cylindor wlumo rndwtiun-t^ wiui a nofi mnibirtur of limit, tJjn 

relation lietween the vohuae and {troKHun* roidd lie <ilitiiine<l, jtitd an 

iidiJibntir rurvii or line 



r»»iiMirurtfH| in tin* giuiie 
iniinnin* na in tlmt iirfirki, 
Altimugh thill m not jicm^ 
Htblo, till’ goinnid form of 
tin loliabatir rnrvii rim !hi 
ri’itildy .Hhown. Bet mte. 
fhg. l-^h| Ini iin isothermal 
!inf% and lot ini ftUiijwme a 
«|tiiinfHy of giii rontiiinwl 
in 11 |iorfe**r!y tn*ii rnn* 
darting rylinder to Iw in 
the rttndiliofi roiTi«jWind« 
itig tri tho |Ktint fi, OF 
re|irr»riiiing jhi Volume 
iiiid Fo It* |»rw.iinr«^ la^t 


Fi« m 


the vohifiifs Imi iidiiiliatic*' 
ally diiiiiiiifihed to im, 


’’rhari tlie work thnw on the gan in furring litiwn the jiifitiiii in 
eonvartoil into minaililo heiit^ and the ieiii|ierrtturr of ttii« gm 
I’his rise in himjw^mttire i« arromimniwf by an inrmwi* of jirrii«iirti 
<|nit4i imlipiimlont of the rhimgn of jtrnwtro itido'iiird by Hoyh/rt 
law. Tlii ptiiiitire mm will not tliiiroforo hr rr|.iriwriiirii by 
tbe i«)thiirmal tinlinate, lint by the hntger oriliinitn i#li, iimi tlie 
point h ii tihiiiinal on the adial»ati*\ 

Let the gan be then riwtorml to it^ ofiginat l■'«i^lllilititl r<irrwi}iomi- 
ing to the point ri» ainl then lot ilM volnnm Iw inrrf^fwrd iitlnilifitiriilly 
to oil. The iinargy tix|amiliMi hy the giw in forring lip iliti jiiiiim 
biw for et|tiividtiiit tJio liwit witlnlrawn from tliii wlnmii teiin 
pariitnre tlmrofori! fidli. Tim fall of lemiMn'iiiiir-P ifiiimU a full of 
prcMMire, and thii |iri^«ir« ntiw regi«tisri«l will bi it i|iiitiiiil.y 
than Iff^ and fcltii {.«int # m olitainiMl cni ttm atli»lgiiir. Heiirii wu iite 
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that the a(lial)atio linos cut tlie isotlierinals in the way shown in 
IHO, th(‘. U|)p(vr part of the adiabatic lying ontside the isother- 
mal tnorc‘. rtnnotci from the line of zero pressure, the lower part 
inHid(‘, m^aror to the lino of zero volume. Fig. 180 shows three adia- 
butie, and three isothermal lines for air. The isothermal lines are 
ro(‘tangular hyperbolas, the adiabatic lines are not of so elementary 
a g(U)m(‘,trioal nature. 

268. KQUAIMONS TO AN ADIABATIC CURVE.— Suppose a 
volume'. V of gas at pressure B, atid temperature ( 9 ^ to be enclosed in 
a jKU’fectly non conducting cylinder in which woi-ks a piston. 

L('.t th(^ gas he comprosa(id adiabatically by an indefinitely small 
amount. <l\\ and lot t.lu^ rise of temperature be dO; then the work 
doiu^ on t.lu' gas ; ; IV/V. Also the heat communicated to the gas 
is <h|uh 1 to ( \„ the specific heat at constant volume multiplied by dO, 
tlu^ rise in UmqHU'ature. 

Tlum rt'ganling tlu^ intei-nal work as zero, if all the quantities 
be expinmod in absolute? units, 

X dO = ?(- dV), 

t.h(^ sign of dV being negative, because there is a diminution of 


volume. 

Thus C,dO + mV = 0 (1) 

Imt P = 

+ = 0 

and C/H + = 0 (2) 


Now (?vc?ry operation in which a gas is adiabatically compressed 
may Im conHidennl as divided into an indefinitely large number of 
nuccessive (qH'.rations, each indefinitely small. Equation (2) must 
tliarefore be integrated. 


( V ^ V = a constant 

But (Art. 267 ) R « C, ~ C, = (7 - 1 ) C, 

i\ log« fi 4. (7 - 1) Cy log, V = a constant 

log, 0 + (7 — 1 ) log, V = a constant 

•*. log, 6 + log, V*^”^ = a constant 

== a constant (A) 

or = w' (A) 
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An ntjuattcni wliirli i\w ruliifitm urifl laiii|^r^ 

tura whaii a in jwliiilwitit-iilly rum jin'* 

Hia raliiticniH hrtwaini tin' tmijii’riiliiriMiiiil lifiween 

tins prwuurt* arirl vijlunin niiiy fr«»iii i!i|iiiitiiiti (A) by 

remomlwring that nmlw all ri!Tut!i.^iaii»'«^i* itir i|iyiniiiy It - 


I *ll 

nnuaiiw rimstaiil. 'riiiw V . an.! i-.litiifimi (A) 




(■ 

/ti\f 


j. r 1 


U> 


. V 

ft ^ I 


(!■:) 


iV\» ‘ 


•(B) 


wtiiith Hhowi tins rnliitiofi Iwiwruii ihn unit firiwmim 


Al«» iiinrn 


IVV, 

l-,v, 


From «s<jui4tinn (A) liava 




\V * IVA . 

V/ ^ r.v, 

P.v.; 

nr f*V^ urnti^tiifii; 


XV) 


tlni ©<|Uiitinn whirb ilniisriiiifn'n fln^ iiiiliirr *4 lui mliiiliittir riirvii 
axprawirig tlin ralatinn fiipl vuliiiiiP, 

aftg. WCHCK IKINK UFIClNU AN AltlA!IA 11 l‘ tllANiJK. 
--■Let tbii nrigiiiiil unit fiiiiil |ire«itirn« iiipI %i*liifiiti# l*« rf«{»titi¥©Iy 
P|Vj ami l*^Vy 

Theft in an imlaflnik^ly ainal! rhun^ti tif ilV ttiti wcirk 

claim ii 


dW 


IV^V 


Iliit F|V|y tt riitiiliiiil A 

dW « 

V» 

Anil if W Im thit work donn whoti thn viilmmi fhiiiigiw fro» 

V, to V, 
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Now j~ 


w = aP-^ ^ 
jv, yy 

yv 

w 


1 Yy 

i_ 1 
y — 1 ■ V'>'“^ 

A 1 /. 1 


7 - 1 

?¥>■ f 1 
^ _ 1 


,y-^} 

i_\ 

y-lj 


Or Hince A = BV'*' = EiVj'*' — the equation may be 

written , „ „ 

fr,V/ _ p,V,y ' 

■ y- ■ 


\v 


1 /^'iV _ MIX 


.(D) 


W 


Jf the c-xpanHion bo to iiiliiiity we have 

Ml f~i L_1 

y - 1 Iv/-^ yy-^j 

aiul the last tmxx becomes i?cro, whence 

w = Ml.. 

y-l 

270. W(^ proecuul to an example. Two cubic feet of air at 0° C. 
tinder a prtJSHuro of 14*7 lb. per square inch are adiabatically com- 
proBBod into I c. ft. Find the pressure and temperature momen- 
urily attained, and the work done during the compression. 

(a) FroHHure. 

/. (14-7) 

log P, = log 14*7 + 1-41 (log 2) 

= MC)73 + P41(-30103) 

= 1-5918 

Py = 39*066 (lb. per sq. in.). 


(b) Temperature, 


w 

'• log ^2 


w' 

273(2)'" 

log 273 + '41 (log 2) 
2-43616 + -12342 
2-86968 
362-7. 


The rise of temperature is thus 89-7° C. 
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It iH inatruft-ivi^ to thin rr-HiiIf. wit It tlti'ii f^ilMiin^l itt 

Kxainph'H 5 luul 5 ni tlu’ fiul *»f XXII. If iiu^ltf .it lirKt l^i 

Hup|K)HC‘<l that tluM'jilrHla! luiiH in lli«' latii*r <*i |riv<!ii 

ilia rina af t(»iii|H'ratura iuTt’ ra«jiiiri'<l. fUil ilu* wui'k ilnur un tin* 
guK in that cast* ia la.HS than whan fh*’ r»anpM’;v,n»n lakf^ plan* aiiia- 
bati<'itlly. For tlia tinnparalnra t‘n!iniiit*naaH Im imv imiiiinlialalv the 
(’onipraHHiun hagiiiH» and thin ni trinpi'rafurt* iinTra.-a^H i!ii» pnii- 
Kfira of iln^ ga.s m> that tliriiuglnaH UiIh ulinli- i|n^ pfrusiira 

to ho ovorconu’ graatar than ni tha aani^ iii iM»i!iriiiial rMinprrHMion. 
Wo hava tharafora t«i innph»y gra.afrr forrr^ to ihr «-niopn*aHiotn 

and sinaa thin foiaa^ wurkn through tha Mama dan.iUfo a** hidora, thf^ 
work dona i« graattn*, uiul tha ra»a id fam|iar.itiiia mta4. tharafora ha 
graatar alno. 

Work doms i 

W * ‘I* V - I* V * 

y I * " * I ’ la 

Sinaa tha pranmiraH ara now not on upiwifiiia wida^* of tha ai|niiiiun» 
ralativa valnan nra not ^nihaiaut , thay mu'*! hi* r%|,iM*MHrd in tann« 
of tha wpmra foot iwi \* h axprafiHiH! in mhir fi **i 

H«nc« W X :!*.* I »■■•'.) *• ll H < 

2 i;t‘t K i H X 
351h5 fool jMiiindH, 

which in ac|uiviilant in heat unit#* t«» l* i I }«aiiid drgrai^#, 

Now 8 up[Kma thin energy to Iwa a%|M’ndail m iviirfiiing tlia fiir* 
than tha mans of lur - Ih^, iunl !!ii’ s|i»*rsfir h«*«ii ni roiwiimt 

voluma » ’HIH 5 , whanaa tha haal rai|iiiitid to r«iiM^ llm air l-liriiiigh 
1** ex * ’11114 X 'i ’t,a.*’7t! fool |if ititiiin, 

T!ia riiii in taiiifiiiriittira in i,h.*raforo 

*i‘ii : 

a raaiilt which iigmm with thnt alfovii, 

271# KNTEtlPV, Atlifd»iiiia citrvafi lira mrnkv.thmm riifliil isii- 
'to'opios or linaa tif aonniiint anlropy. jn^t m iwiihariiiiils ura iiiian of 
aonntiint tamjMiriitiira. 11ia aoiiafijittoii of Piitropy iiiiiali tiwi in 
tha rnathamiiticml trimtmaiit of thermal rhi4ng«r«. It. sroiy tiafitiad 
an thnt proparty of 11 iiiiiatimca which t'amaiii«i coii.«iiifii n l«Mly 

iwmimcH difFarant itiitai wdthniit gaining nr hwing lii*iit, 11ic i^iitnijiy 
of a twidy incrciititm wlieii liaat niilen tha ImmIj mnl iidiiiii 

ln.mt leavoi it 
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If a, l)()dy loHo a (juantifcy of heat H at a constant temperature 

H 

its (‘.ntropy is diniinishcd by an amount and if another body 
who.si^. t(nui)(*,ra,tur(‘, is receive this quantity of heat H, then its 
tnitropy is ine.n^ased l)y the amount i?. 

(’liang('. of entropy in such an operation is therefore 

I I _ II ^ Tl - 0 , 

(L 0[ i\0, “* 

"riiis (expression is positive, since is greater than 6.^. There is 
l.h(MH‘for(\ an ine.ee.ase of entropy. Meat always passes from a warmer 
t,o a ('obhn’ body, and the entro])y, therefore, of the universe is 
always incr(‘asing. When it has n^ached its maximum no more 
<‘,X(‘hang(‘.H of heat can occur (Art. 211). 

HXMlUdKSKS 

1. A lauHH of air jU. 15*' <1 is suthb'iily (^oinprossocl to half its volume. Calculate 

tlio Omiporat-un* it will momentarily attain. 

lo^'2 -nOlO.S; l(»gV32 = ‘1204. 

2, A maHH of wliose vohmn^ is 2 and laessure 5 is suddenly compressed until 

its vohmu^ in i|. Kind tlu^ prt^sHUir attained. 

mS97;lo«H = -4771213 
lou 4 -OO'iOt) ; log 7*5 :r: *87506. 

U, A imuw of gim whoHo v<»lum(^ is 2 and prtiSHurti 5 expands adiabatically until its 
volume is M. Kind the pnnsHim^ attained. 

log 2*82 *45007. 

4. A <'ubie nu'trt' of air is muhn* tin! normal pnissure of 1-0333 kg. per sq. cm. 
By how mmb mnst the volunn^ l«^ increased in order that the pressure may 
ho halved* tin* elnuige taking phuu; adiabati(!tdly? 

log 2 ■ *30103; log 1-6340 = -213496. 

th In the previous examph' fiiul the temperature attained, if the gas were ongi. 
nally at 27” C. 

log 300 r. 2*30103; log 163‘49 = 2-2135. 

Ih Find the work dom* in (,)tu?Htion 4. 

7. A euhie fot*t. id dry air at 17" O. m under a pressure of 14-7 lb. on the sq. m.; n 
m adiidiatieidly wnnprasscKl to four-fifths of a cubit; foot. Find the pressure 
and imnimvtiiwv momentarily attained and the work done during the 

oiH,rati.m. viB?!!! 7; !<« 1-25 = -09691 

log 20-1 !)fi = 1 •!i0:iit604 j log 290 = 2-462398 
log 317-78 * 2-502131. 
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8. Taking t\w wiuafcii»n li\ <^mntmvt m\ aaiahjilir vnrw liy i^iving 1* 

Hum‘HHiv('ly thr vahu’H I, 2, 2, ttr.. niul fiiitlini.? lit*’ vhIih'ii cif 

V, and i\um taking thn vahum of V an alwi'imtir nmi ♦.! P ii.;^ nnlniattm. 

[A tablt^ «»f lugiMitliut^ will !«’ ii^inir* ti.j 


CHAITHM XXV 

if HAT HNtUNfvS 

272. CONVHRSION OK IIHAT INTO MKlUANK’AL 

ENHEOY. 'riin t,nuwlontmtitHi of thv i^nnrgy <»f iiioiicm 

into hcmt i« of vtuy frnqnnnt twcurmiirn . Imi ihi^ rtmwrm^ priwngg, 
tho convm’Hion of tnu'rjgy frotti thn form of hniti in iIiaI of iiirrhmiiml 
inotioig t‘.nu only hr ctTinird in h sviy lioiiiml imtnltor of wiiyj4, It 
may bo aooomplisluHl by horning a ihrroio rim irir juiirtiiio mul 
utilidng tho olortrio ourroiit tluia jir<«tiu‘m! loiiri^r mi olmiromitg- 
netic anginOj or by taking lutvantago of ihr r^jiaiwioii iirmltUJOtl 
when Huimtiuu’OH itro htmtoib Any roniMviuiri* by W'tiirh hoiit k 
continuotwly convmloci inbi work in millmi a bmi! tmgmo, tb«’ rxart 
modo in whudi thlH In oUbrtmi bring a iiyillri of inai firal miuvrni» 
once and not of prinriplo. Of limit, inigiinm bimml on tho {irinriplo 
of axparwiun tho fonim in nnml gonoral tiao nro air ongiiii*ii, gag 
engincig^ and «Umin nnginog. Knginos ran ba roimfrnriml in whirh 
tho ** working iuh8t4Uioii ** in and romaiii« golnl or lii|iiiiij Init tli«y 
are not oaoriomiofil on aroount of tho amall oiMdllriont^^ «»f mpaiiHion 
of «olidi am] lif|tiidi. In tho rii«* of rlio gtmiiii ongnio tho lioat oflk’ii 
tho va|>ori»ition of tho w'litrr and thoroby pnwinoim a vory gnmt 
inoreaia of volunni if thn j»rt?gfiurit remiiin nmaiaiii. Wo |iri«*ottd f-ci 
axamine tho iiwiintiid }«rtg of ono or two giifi|.ilf! fnrtiw of oiiginii 
btiforo approaching tho ihrory i»f giirh fiiigirii»!i. 

273. THE HTEAM KNCHNK. ■■■■ -Fig. |m| ilw fiim 

fiwirital priricipltii of tho atoam ongitio. Tho k goiioniiml in 

a hoikir it* awl |«»ioi ttiiinco into n rylindor wdirro llio itoiiin dooi 
iti work on a piitnn 1*, mid I k a roralonwr to itliirli it 

and wham by niiiarii of i apriiy of mid wamr it i« roiiilifiiiftil. In thu 
doublii-aating ©iifiiii tlio pifaii am arrangwi m ilin Imilor iiiid 

comliniiir ©mdi hiifiiig tiMiarti of friio coiniiiiitiiriii.ioti %titli 
of th© piiton, hilt thi nitehaiiiiiti k aiirti iltiii wliwii iliii |ii«i4iii k 
d«e©miing tho itO{Mmcki n mid « am o|miii and li wi«l fl rti« rloititl, 
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and when tho piston is ascending h and d are open but a and c are 
(’losc^.d. Uy means of the ])catn (iK pivoted at o, the piston P com- 
muni(‘at.es motion to the driving rod GL that turns the wheel R. 

'riu‘, }>iston being at the bottom of the cylindei*, suppose the stop- 
(H)eks h jind d to be opened while a and c are closed; steam from the 
boihu* enters the cylinder at tho bottom and forces up the piston. 
\\ h(‘.n or belong the piston has reached the top of the cylinder the 
st.opi'ocks b and d aixi closed and a and c opened; the steam from the 
])oil<n- tlum (mUirs th(‘, cylinder at the top and forces the piston down. 
At the same time the steam in the lower part of the cylinder is 



Pig. 181 


rapidly lowcu’ed in pressure and soon condensed into water by its 
communication with the cold condenser. Thus one side of the piston 
in in (‘cmrmunication with the boiler whore the steam is at a higher 
ptH^HUiHS and the other side with the condenser where tho steam is 
at a much lower prcHSure, atul by tho alternation of these conditions 
t-he piston w made to move up and down. If the condenser could 
\h\ madi^ t.o tdbHd. the condeuBation of tho steam instantaneously and 
compUu.tdy tliere wo\dd always bo a vacuum on one side of the 
pisitm. Since this is n{>t practicable there is always some pressure 
<if rtUuan against tho motion of the piston. 

Owing to thii liigh latont huafcof Htuam the water in the eondenaer gets heated, 
tm«l it in iteceiiHary therefon? to have in coinrnimication with tlie condenser a 
contimioiw tutd abundant mii>ply of cold water. When the water has become 
thufi hoatiHl it may witli advantage be allowed to flow into the boiler, instead of 
supplying that with «)kl water. 
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274 . HTIRl.INcrH AfU ESillSK II 1 ** uf Ht.i^ 

lingH ongim' nh’iy iH‘ luuli'mt-iMMl hy rrf’i*ri'!iri’ in li^. |Hif, 4,^ jg 
a cyliridtn* having a douhlr Inilhtin. (hr inarr i»iir ln‘iiig 
with tiuiueroUH holrn. In thin work-n u Inrgr I'luHidv fittiiig liulhiw 
motal plunger I*P, uf whirli the hnvrr {mrt ii m lilli’d iviih hrirk duHfc 



or othur 'rh*. l„|i imti tMifUiin uf ilit 

rylindar A am eoiitwrtett ifsmiigli a iiihr ,*r n ridlwl tlw r^pnui^ 
fifur^ imd thi tlpjinr iMirtiiiii it uf thi^ rylitidrr nlwi 
with th® working fylindor 11 in whirti mmm tlni iiiftimi 

I hii fogottiiriitor 11 uf a titiitilitn’ uf l■'pry tliin #.if 

iltcM'ib iron firraiigiKl tirl® by «ifb^ lilmiit uf <111 ifirli ii|iiift mi iw to 
very largo itirfiiro; antt iii iho iiijMif i-fi » niiliwf rii|ij^r 
pi|Mi through whirli wdttni ilio mai^bifiif ii mI wiirl n fiimnsi uf ctM 
watiir ii mafnlainiMl by it fiiiittii. 
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The Rubataiieo occupying the spaces EDF arid the tubes connect- 
ing f.h<‘ni Ls coniprcHHiul air, which is heated by a flame Q. 

W'luMi tlu'. engine has }>een at work for some time so that its 
|)artK have rt^ached a {lermanenl condition as to temperature, the 
iMiitom of the rt^.ge.nerator k, which is near the flame, is at a high 
t-t'.mpm’atun^, while the top is kept cool by the water circulating in 
tlu^ coils i\ so that there is a gradually decreasing temperature from 
thi^ botitom to the top, and the air as it passes through the regenerator 
changt^s its t(‘mpm*aturc gradually. In fact its temperature never 
(liflers much from the metallic surface with which it is in contact, 
and Ix^twtHm which and itself a constant interchange of heat is going 
on. 

'The method of working is as follows: — 

Snpptmi^ tlu^ plunger V to be originally at its lowest position and 
tlum to rise; air is forced out of the space E and passes through R to 
the H|iat‘(^ iK TIuh air taki^s up some heat as it passes through the 
n^gemu’utoi’, and more still when in the hot chamber T>; its pressure 
<!onmupumtly incrt^ascH greatly, and this increased pressure is com- 
inunicattMl to th('> air in the tubes 8, w, and the cylinder G, and causes 
tlu^ })iHton M to rise. When the plunger P descends the hot air 
leaves t.lu^ chambm' i> and, passing through the regenerator, becomes 
cooUhI as it goes; its pressure is consequently diminished and the 
piston M dcHctmdB. 'The two pistons arc so connected that one is 
half a strokes in front of the other. 

'The tippm’ portion of the cylinder G is connected with an arrange- 
nurnt exa(*.tly like that described; and matters are so contrived that 
th(^ maximum prosHurc on one side of the piston M coincides with 
minimum pressure on the other side. There is pressure on both 
sides of the piskm, and the working force is the difference between 
them. 

275. Emotion of the Eegenerator.— Since no external work is 
done wluin Imat passim by conduction from one substance to another, 
it is ntH!eHHar}% in order that an engine may have a high efficiency, 
that such a imwmn should be avoided, i.e. the working substance 
ihould bn m nearly as possible at the same temperature as the 
itmree wlien it takes in the heat and at the same temperature as the 
refrigerator when it gives out the heat. 

The function of Stirling’s regenerator is to effect this object as 

nearly m |KwsihIe. 

276. FAIiTS A HEAT ENGINE.~We have now ex- 
attiimid briefly two typs of heat engines. The gas engine involves 
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no now principlnH. Frcnn tin* nkf’tt’ht'H iiii tiyn* Im nlitnijiecl 

of tin? [UU'tH and ninthtMl <»f workiiifC of any hnit 1*11141111% wliirli rtmy 
bo thuH Hmiunarizod. 

(i) In ov(!ry Inmt oiigirn’ tlnn'i* hiunI bo a fMiiiitr#* i»r Htinrfo of 
heat, and a rofrigerator or foiuloimor into wlntb ilio wiirkiiig wn> 
stanoo paHHOH whon itn work i« dono. No foim nf boat i^iigiiw oici«te 
in which the working rndwtiuico tlooa not tako in boat froin Moriiti 
aonreo at a higher toniporattu*i% and give ont hoaf at n hover t4na- 
poratura. 

The axprtmmon of Muh exporinirntal fart flm ma-ond taw of 
Tharinoflyniunicn (hoc l’hap< XXVi), 

(ii) The nntnrc (»f the working Huimtanve in nni uf ibr iniwaii'c of 
the problaia. It may bc^ aolitl, li*juiii, i*r gaj4o**in% ilio omi nooomary 
comiition being that it mtiHi change itn v<i!uiiic wiicn heated. Ami 
matter of practical corivmiicnce a gaa m vapoio’ m hmi. 

(hi) In order tlmt tlin pnaa^an may g«» on roiiMniinnaly there 
muit ha a reciprocating motion of the pinion, ami 11 vtumimil rmnw^ 
ronca of tha mumi wiriiw of atagcii, 

TIub m mllmt a oyola tif <ipcratit»ni«, 

277, WOllK iHdNK. 11 fK lN!dC\\1‘OH, 11 m ivork dona 
Jiy an angina may fia iimnlainail from infortnafion obiannibla from 
tha angina itwlf, IIioh, to coiiMiflcr »»nly a ?'iitok«* tif tha 

plHton; it movcH a certain dintanca iigaim-^t a criioin force, and ifiti 
work dona during that wtrokc i« cf|nai ti» the t 4 the totiil 

maan prawnra oti tha piitttin by thi^ length ttf the siiiikc. Hn^ work 
dona in iiny given limit in then ohiatftcd hy mult ifilyiiig thin rcwilfe 
by tha nnmlair of utrokaM of the piston cumpleied in the lime. 

Thti tmmnrmmml m efiiated liy nii intbriiiifr, llirhiirti‘« indi.^ 
cator in shown in fig, hy meiins of which n difigniifi trarcil on 
fi ihciat of pfijmr, Tim pajMU^ k rolled *-m a rybodn lOl wliicli ciiit 
rotatfi round 11 varticid iixin, and the thiigriiiii m iriired oni, liy ii 
fwinail 1% Ttni ay hrirlcr tin in geurt^ti to ihe ptsi«iii i*f ihc tuigiiic in 
iuch a timritiiir ihiit m the pintnn tiiiive.« tc» unii fro llifj cvliinler 
twnii oriei round iincl Imck, 

The fBiioil 1* ii mrri«l by the mkldle one t»f thrive Inci^ which 
ari fmtonal at tltii jMiiiit* a iind c? t 4 i e«l*»riial iiiip|«#i The Incr tlt 
is cofiniicstol with a ptitori r which workii m n cyliiwict' niid ilia 
pirticnlar arratipmiitil of litvnin atlopMl ili«’ jn^tini r to iiiiivn 

lip and down in ii vertiiml litieiw the piston f imoc« up df»wii iii 
tha aylitidiir. Th® of ilm r me riiiitnillt?il hy ii 

•tmng spring which pmmm ^i««t ii^ ii|i|ii’r siii 1.0*1% 
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llio, lower part of the cylinder z communicates with the cylinder 
of the Bt(',<aTn engine by a pipe, and the under side of the piston is 
therofoi-e 8ul)jc(5te<i to a pressure which is always the same as that 
in the (‘.ylindcw of the engine. As this pressure increases or dimin- 
islu^H the spiral spring is compressed or extended, and this compres- 
sion or extensioii is proportional to the pressure on the piston. The 
position of the point of the pencil T in a vertical line thus indicates 
at any monunit the pressure on the piston of the engine. 

The nunuu’icul relation between the movement of the pencil 
and the corresponding change of pressure evidently depends on 



tho of tho Hjjring, tho length of the levers, &c., and is 

for oiu'h iuHtnuiKMit determined beforehand by a series of experi- 
in which the pressure is known, and the movement of the 

pencil olwerved. 

Himilarly tlm relation between the actual length of stroke of the 
pistori of the engine and the distance passed over hy any fixed point 
on the cylinder (Ui must be independently known. 

278. Indicator Diagram.— If the cylinder gh he connected with 
i\m piston of the engine while Z is still unconnected with the steam 
ehaniljor, the pencil remains at rest while the paper rotates, and 
there m marked out on the cylinder gh a horizontal line, the line of 
no pressure. If the cylinder (Hi remain uncomiected with the piston 
of the engine and therefore at rest, while z is placed in connection 
with the steam clmmher, the pencil moves up and down, and traces 
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out a vortical lino. If <ai l»o onrifiiM-tod with tlio pmUm iiml ^ with 
tho Htoain olmmhor HiinuftanoiaiHly, tiio lino tnii’ini itiii l<y tliii |Mnuil 
uudor t.lu‘, (u»jnhino(l iiiothoiH in a latrvo. If tho aii-iHit uf iln* t'ligiuo 
i« tmifonn, tho. curvo t niood out hy oaoh ri*iii|iloto .Hlmko m t!i<* mhuki, 
and itB area roprcmuitH tho w<wk fltuio diirujg tho Htniko. LtU. m 
(uuiHidor one ontnploUi stn^ko cd tho W lion llio hnilor is 

placed in coinnainication with tho cylindor tho proNMuro riMos in a 
certiun Vfduo indicated hy iho pnint u (fig, l«sih iiihI llio pi.!4tnii 
mnvcH forward und<u* thia proHnuro thrniigli a length ropiwontod hy 
tho lino ab, which, if tho proHHuro ronuiin ruiiHtant, thn»tig!uiut the 
wholo Ktroko^ in a Htraight lino |wraliol in nv. Tho wniT tlomi 

during tlna fnrwani Htmko hoing 
iho prialuci nf fnroo hy diMlanco i« 
roproaotifod liy tlio rooiiiuglo nbm, 
Wlioii tln^ fnrwani Htrnko i« ondodi 
tlio f^toani H gut rnl i»f, and. tlm 
proi^aiiro nil lhl» nido i»f iho piMlnn 
ia at lUioo rothn-od, hut gonoriilly 
hm an approoiiildo udiio that iniiy 
roprortoiitod hy iho lino #v. ITil 
harkwiinl innisun uf tho piston k 
oppimod hy thn» pio^iMuro, ancl tha 
weirk tlniio agmioU it ih ropromuit4^1 
liy illO rorliiliglo Hill tiilll! 

work thoroforo done during tho onmploto n* ropromuitod hy 

tha area ah/. 

Tho ahovo diiigrain ovidiutlly ro|ir«otfUit»i tho mndiliuna iiiiiliir 
which till! tniixirnuin rate of wnrkiiig i» nhiiiiiio-ii friiiii f-lio oiigiiw. 
Hut it in tinocoriofnifiil in idlnw tlio utoaiii In o«-rii|#t^ iit fill! |iro#«tirti. 
Tha ooinmtndtmtioit hotw^wni tho Iwnlor and iln'^ ryliiwlor itioroftiro 
cut of!* hafora ilia pj-ulnn Itaa if# furw'iird ftirnko, and iJm 

rotnidndiir of tlia utroki! iaiif*oiinijih»hwl iindor llio grudinilly diitiiiiiilr 
ing pransura of iliii lUcjMiiiding ^Umm that him ftlioady hoiui Jidiiiiltel 
into tha cylindor. Tho diagriitii thou t4ikos iho fnrtii utiwnt, iJni 
curve fill «hiiwiiig lli« ridatinn liotwoon ttii» |iri»ii«iiro lUid vnliiiiiP of 
the itimtw dtiritig itii! vnriiittla |afrtcal, 

Tho firtm §km tiiiiy bi fniiiid hy tho tnoiliml t#f Art. ’MX In 
priictiati it i« itiiiiilly fiiuiid by drawing a largo liiiinlwr i4 tiri!iiiiiir% 
and finding tli« amiia of i, ituiiitair of atiiall iwiaiiglo* wlttiii.! lieigfili 
are the onliiiiitei tliui driiwit, tir by tliii jihiiiiinoif^r, 

Thi **afff»tivii on the {liattJii ai, any iiiiiiiiofit li 
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to the (liih'.roiico hotwocn the pressures on its two sides. The mean 
efrectivc pr(‘BKUi*c is the mean of such values. It corresponds to the 
mean onlinate on the diagram. \¥hon the mean effective pressure 
is knowm, tlu^ product of this into the length of the stroke gives the 
work doiH^ during the stroke. 

279. KKFKIIKNCY OF ENGINES.-~.Oalculations made on th 
ahovt^ pritHuph^ giv(^ the indicated horse-power of an engine. 

UIm* hrakt^ powtT, i.(‘. that; which tho on^i^ine actually gives out to 

nyu'htucry, in Ichh than tliu ahovc^, owing to loss of energy by conduction, radiation, 
tuul friction of tlio moving parts. 


It lias hmn shown in Cliapter XV how the number of units of 
(uiergy (H) evolved during the condmstion of unit mass of coal may 
\m aHCt'rtairuul. 

'riu^ iinlicator diagram enables us to determine the quantity of 
work \V dont^ by the tuigine during tho combustion of this quantity 
(’oal, 

\V 

'rhc ratio ^ is called the (dlicioncy of the engine. The quanti- 

H and W must, of course, bo measured in tho same units. 

For ordinary (uigimm this ratio is small, tho loss of energy that 
takcH place froiti various causes being very largo. 


aSo. KXAMIM.KS. 

1 . 'rhv nf thf pinton of a Ktoam engine is 200 mp in., length of stroke 3 ft., 
tho ftvorago prt’KHtmi iK'hind the piKton in 2.5 lb. per sq. in. greater than that in 
fnmt of it, and the nutnher of double fitrokoH per minute 50. Find the horse- 
pewer at which tht^ t?ngine in working. If the engine coiiHumos 300 lb. of coal per 
fnnir ami the heat generated by the combufition of 1 lb. of coal is 8600 pound- 
degreea, ht»w much per cent of the heat gencratoddn the furnace ia converted into 
\m4n\ wt»rkl 

Work ciene in one stroke 
ininutt^ 


Horaeqwwer 

lUui) witwiirnmi in one minute 
Heat gimerated „ 
Work of thia 

Pertientagi.’ of htmt utilised 


464^. 


200 X 25 X 8 foot-pounds. 

1500000 „ 

1500000 _ 500 
33000 n 
5 lb. 

43000 pound-degrees. 

43000 X 1390 foot-poxmds. 

100 ^ 15 00000 ^ J5000 ^ ^ 2-5. 


*i. A weight of B tona i« dragged for a length of 830 ft. up a rough plane 
iiielitiwl 30 degrecH feet the horisgontal, the coefficient of friction being How 

riiiiiiy i«iund» of eo*! must l>e l)ume<l to offoct this in an engino whose efficiency is 

10 |wr <*©nt! 
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{a) In tin' weight alimg ihv Um^ <»r thr |4aiin 

H v?i?lo * I fit* ^ ;i ^ f««it |«nim|g, 

( 6 ) In mi«ing thn wnjght thniugh ihv lunghi ihv i4m^r 

M K ^IVAii X |nf« hH*t |«.nn.|H. 

T(did rnrl‘ tlttiin ■ tum h |Mnniilfi 

i»l*n,WtHI f«wti |»<i»ini«lf» 

14*1 I2M |iMyfi*| ilrgri’in, 

(«t) Iltmt |trcKUintnl in t’nunn' junm*! tirgrrr.» , 

whirh w HUppliiHi hy ^ 


S. Wliiit in tlu’ t4Iitni»n«'y <»t an ntigin*’ wlnrb ‘JA ||i, of ro^l m ilrmwing 

A twin I inilti agiunwt a rnwntiiiw to ihp ^vi^hi *4 i| l*»ii. itni riiti»rifi« 

|H»wnr of thn noal Iw’ing BU<-h ihat tlnf’ tomlntafn’ii «»f I Ih. I»irtn4»»»i* #»»# fl iiiiii#i erf 
It tint, 

(1) Wttrk iloni^ by tbn mgiin' wlnlo nnitniig I iniir> 

1| K * l#rttl % »i fi»i»t |»tttiinliw 


(2) Knnrgy givm «ntt by tb«» «‘*»al 

: ‘iH K ^ MWii f««tt |i«itmiliii. 

4 n mu n I #*<!<» 4 

'i h 'iH >*i: « mini' 


EtHoitnicy 


«.j t,v, It'll |iNrsr nnit, 


1 » A piMtem wlnmii ii.r<m i* 11 $ w|. in, litia n. Is^nicth of ttltoki? 4 ft,; iIip pfwiif® 
|»rfti«u)r« twiiiig Ui lb, «ii tb« »»j. tn., fbi*l tb** work m nm* »ir*ikt», 

‘i. A jikbift whoii® ww m m., »n 4 tpiigib of nitok*^ 4 ft.* wurk# wiili m 

nflftinivti irf *ift lb, imr i*»j, in. **n lb*’ If ilii» li?*iW'|*i*wpr 

d»vis|ii|wl Im* iti, bow ifiany iitn»k*«» |*Rr nnniii*’ Atv tii«i» by Ibw |»|.«|.*iiif 
8 , In a* i^nginn ili** «lwfti* 4 pf of tisp utruin ryb#nir.f m f*ii m,. ibr |p«gili nf 
»tn*kn in ? fl,, Ibp iiiisniwr »»| *b»til 4 «» »trokwk i» |w'r fitiimi#, #ii 4 iiipaii 
olfurtivtt «*f itio i.ik lb. t<ti iIip »»| in, 1**1114 iIip 

iMiwpf «f tbp f’ligitiP, 

4, Tlif pybnikr nf wt t»iiginp i» *if» m. long, it «fcilitiitir-4 In tl». 

Itmi-wupi tiiit4l ofiP'fiiiirlb *»f llip tifokw *# rf*tii|4tttiW!|. himI tlw fit»| |»ri«^Mff! m 
4 III. IHviriinn iIip .iit.fi>|iff inl«* IH fiinl llio |,ir««ftiif» il 

fiittili fKiiiit pf I'll If Willi, niitl m%m% n ilmgfmifi *4 flip w«ifk I^iwl dm* 

tbp nimti iiri^iifit Ilf ib» 

5, Tbti tiylifiilnw of m Itwotinilitn Piigin** *r«5 If m, iit *ii«i tlip ifiii||tli of 

Kirnke m 24 I 114 lb« ilriving wIwspI itmkr.« |t'w ,i'#*ri|iiti«ii# ifluiiliiti 

«itrftk«| |ii»r «t4 tlin mmm in-wwiir© pf iIip •tmin i« ill lli, 

Fstitl thn liiifwi.’|»w#fr. 

0. Ati rtigiiifi ii i3*tiii|w.|«fit l« mtm lU ttillllwsw nf |*«iii*l» ilir«%i;gli I f|., by lit# 
Iwntiiif <if 1 l*i II*. Ilf' «iil, littw mmy of mml 11 Fitfi*iiii^ ^ 

ltt.*»i’|M}Wiif imr twttrl 
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7, Dt'fiiM* th(^ h<)rH(‘"powur of an engine. If an engine consumes 2 lb. of coal per 

horH(opow<‘r pi'r liour, liow many foot-pounds of worlc will it perform when 
eoiwuming 112 Ih. of coal? 

8. Idiul IiorH(‘'powcr of a lo(?oniotivo (Uigine which can draw a train weighing 

100 tons (including its own w<iight) along a level road at 30 miles per hour, 
the train n'Mintamn^ Ix'ing taken at 10 lb. per ton of load. 
i>. If -100 (ouH Im\ lifl(!d 10 ft. in 10 ruin, by a steam engine, of which the area of 
iUv piston is '100 wp im, the mean pr(‘.asure of the steam on the piston 25 lb. 
on tlu’ wp in., th<‘ bujgth <»f stroke A ft., and the number of double strokes 
uuulc in a minute 15, what pro)»>rtiou of tin ^ power applied to the piston is 
lost in the working (>f th(‘ inacluntuy? 

10, 'rite dianu'ter of tiu' cyliiuh'r of an (ujghui luung 53 in., the stroke 5 ft., and 
tin* nmnb('r of rcvoltdions 30 ptn* min., find tins mean pressure of the steam 
to dcvckjp dot) indicated hor.s<‘- power. 

n. What is the amount, of w'ork dom^ in a singht stroke by an engine when the 
average working presHun* of tlu^ st(?am is 20 11). weight per sip in., the length 
of the Miroke 2 ft., and the diatnoter of the piston 7 in.? 


OH A ITER XXVI 

IMlKOltY OF IlKAT KNaiNES 

a8x- ('A KNOT'S IM^iltFEOT ENGINE. — In the preceding 
chapter nonitt idcti han been given of the principles of working of 
actnal In^at cngincH. T\w main process on which our attention is 
lixtHl is a cmivt^rsion of heat into work. Whether steam, coal gas, 
air htt crnpIoytHl as the “working sulistance” is merely a matter 
of convenituuu^ of sipplication — not a matter of fundamental jjrin- 
ciplc. SUmni is withdy used merely hocauso it is a convenient sub- 
stance for carrying the energy and applying it as desired. In 
tlun-modynamicH we think only of the quantities of energy that 
ihe^t^ Wiirking iubHlauctm take in and give out. We therefore pro- 
cihhI to emmidtn’ tlie theory of heat engines without regard to the 
practiralnlity of the arrangemeuts. I'o illustrate these principles, 
('arnot, a Fridudi engineer, put forth the idea of a very simple 
tmgine. N<> «ucdi engine can bo actually made; it is imagined and 
doHcribiHl only it* enable ub to consider the essential operations free 
from ctmfuHing prac'iical daUulB. In fig. 1H5 A represents the source 
of heat, a iMwiy always maintaiuod at a higher tomporature 0,^,; 
X reprewents the refrigerator, a cold body maintained at a constant 
loW'Or temperature v is a cylinder, containing the working sub- 
itence ctmfined liy a piston P, The sides of this cylinder and the 
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i- , ,™ .,»uh,Hnr<( c.f hciil.; tli« iH.ttotti of the eylindor 



sS; ^•i;zsz::.z:s:. 

or riyUnti«>in niul im puritoii 

of iht' working Hulwtnoro 
oHfuprH frtnn thn tuarhitm 
in iui tinknitwu roiulilioii. 

llio w«»rkuig Hni»Htiuiea 
atiU-tH tn a rort^uii known 
gMU.1% amt aft«n* goit^g 
thiHmgti a ^I't t»f opnrationK, 
oiV in o^cartly ttn^ Hiunn 
X (annlition iw that in wtiirh 

CM it Htartml rmtor ilmnn 

T«»4 oiiTuniHtanroH thorn w tin 

rhiUign in tlm intritmir nn- 
ofgV of tli«' wiirking Hthn 
, . » a« a mrrinr t>V wlhrh «nnn*gy ia laknn 

fitoncc, i„ Huolher. iMolf heinK it. th.’ reHull uu- 

7'\T ih Twiof o,>m-nti.m» in mlU«l a or a..m«l.mm 

aSa. i'VCi.K <>F OlivltiV 
'riUNH. Htipjamn thn wnirking 
mthutanrn to l»n originnlly at th« 
ttnnpriitiirn 0, of tlm riifrignmtor, 
tunl lot iu romliiion m t4i vohtmn 
(Vj) inni jirnsaufo ( 1 * 1 ) rijjirm 
mnitiH't hy tlm j«*int, a tin I tin iiwli- 
rnim m ThmU 

• : ‘ ’ thn sulwturmn |iiii»i itirtiiigli a 

i i ; of ahttng«^» thiw: _ _ ^ ^ ^ 

^ """b a (i) *^yli*^abr !«' |ili^^t 

fii, iM on thn tiiiii'rtififliintiiig niiiwli awl 

hy forcing ih« fimtofi down, lot thti 

BuhHtatuH, IMS eomt.n».a.Ml tiU iU tisiHiHsrniure l.aa mm to « that 
« X Hottms a,ul l«t ita v«l.»«« lU.«. V , a«.l r 

To oHwst thin comttnawtott oxtoriial work haa to "n' ^ 

b1u,hm., tho amount (W.) of tWa work Im.t.g nT«ao«t..l hy the 
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area ABha, Since no heat enters or leaves the substance during 
the opt'ration, the path ab is a portion of an adiabatic line. 

(ii) the cylinder now be placed in contact with the source, 
and let tlu^ piston slowly rise till the volume of the working sub- 
Htiuu*e h<'. Vg and the pressure corresponding to the point o on 
the diagram, tlu^ t-canperature remaining constant during the process. 
To maintain t.lus tcmipcn'ature. constant, a quantity of heat H passes 
from thc^ Hource into the working substance; and since the piston, 
which (^xtn’tH a presHure on the substance, has moved upward, a 
(piantity of (^xtcamal work W^, represented by the area BCch^ has 
been dmw hij th (5 Hulmtancc^. Since the temperature during the pro- 
c*cHH has rmnained constant, the path BC is a part of an isothermal 
line. 

(iii) I^et the cylinder now 1)0 placed on the non-conducting stand, 
and let the working substance expand. During this process the 
temperature of the Hubst 4 ince gradually falls, and the process is dis- 
tHUitinuiHl wluui tlie temperature has fallen to 6^ that of the refriger- 
ator, tlu^ volunu^ tlum being and the pressure P^ corresponding 
to the point u on the diagram. In this stjigo a quantity Wg of 
cixttu'nal work r(q)resented by the area CDdc has been done by the 
working substance; and since no heat has entered or left the sub- 
stances the {)Hth (U) is part of an adiabatic line. 

(iv) lAit the (’ylinder be {daced in contact with the refrigerator, 
and let the piston be slowly forced down until the volume has 
tiiminished to its origitial volume and the pressure increased to 
its cjriginal value Pj c(»rresponding to the point A on the diagram, 
so tliat the working suhstanee is now in the same condition as at 
first. To tifhuit tin's compression external work has to be done 

the Htdmtanct^ the amount of this work being represented 
hy the area DAnd. The effect of the compression would be to 
heat the suhstanee were it not that this heat, whose amount is^ h, 
iwciifMis to the refrigerator, and the temperature therefore remains 
rcuptant at so that the line i)A on the diagram is part of an 
iiotliermal 

a 83 . WORK DONE DURING THE CYCLE. — During the 
cycle a tpiantity of work — Wj + + Wg — W 4 = W, repre- 

8tmt4irl hy the area Amm, has been done by the engine; a quan- 
tity of heat II has been token from the source and a quantity A 
hi» biiaii given to the refrigerator. Since the substance is in 
exactly the mmci state at the end as at the beginning of the cycle 
m other r|uaiifcity of energy can bo conoerned in the operation. 
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V *tw. tir«f law uf 'rhornHMlytiamit's the 
and wo luvo thorofore by tho lunt law 

ociuation 


W 


11 - h. 


I <if thi> tlilToroin'o 

or the work dono V'L-at takou fnnu tho and that givon 

botwcim tho <ittant.ty of heal tak.tt 

to tho rofrigorator. material Htilmtane.', eonld 

Oantot’H view was '''f ""J;, hi,, g oUe. atul theref.oe that 

iiot bo doatniye.'l or traiiH "I 1 * ■ wua given 

U waa 0.1, ud t.> /. t.. be .Ine to the fall 

to tho rofnprator. U temperature tl., to a lower 

of a (luanUty lumt 

tamlHinimrii II,. i""' ii. !,»' o. 



„ ,IH»» tta ''Xm™ ‘inL « L' « "« 

('i! Wta, h»t ,«»■. I')- X ' 1 ..IV i. •.ulmi.U-Uy 

„m\ Lhii ivimmia ■>. » ' * • , ^ ..vu.niiil 



oxtHMimenta »how that nught e.uplov the engine 

in heating '"I'f * 1:,.,, r,.„der« it ,tuiHH<«ible that U should 

luml, a conHidnralton which ien.t.,« »• >'»» 

."fX 

nuniorioally that H in greater than A, (Art. .1. » 

UKVFltSlIlU.n’Y. The ael of o|.e,»ii«,n» indimtid m 

Act ^HO e ^ -««*» t*'*' -««•' ‘T ‘'"T‘ ”‘1 

.r*. ;r.,. r;;,';: 

111" 111'"* » "in ' ' 

,t 

KuhLlnee ia allowial U. ex|«ind ahmg the mlu,l«ae w « 

e.,r,H,HiHU,.lingl«'the iKunt h^ ‘b^ 

During thw prtKsea* itdma* wurit «. "ui « 

peraluro falls fnim d, to 
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(li; The (‘,ylin(lor being placed in contact with the refrigerator, 
the Hubatanco ia allowed to expand along the isothermal ad, taking 
in a (piantity of heat and maintaining its temperature constant 
at 0 ^, 

(iii) '’I’he cylinder being placed on the non-conducting stand, the 
Biilmtance is (‘ompreHsed without loss of heat, its temperature rising 
to fi.j, and thc^ path traced out being the adiabatic line DC. 

(iv) 111(5 Hidmtance while in contact with the source is then 
furl-lnu* cotnprt^HHc^d, during which process it gives out heat H to the 
Htmrct5, and its tt^nipc'.ralurc remaining constant, the path traced 
out is the isothermal (rn. 

Th(5 working substance has now returned to its original condition ; 
th(‘ path tracM^i out has been reversed, and work has been done on 
th(' Hubstanct^. llie main diflerenco between the operations may be 
thus preHenUnl : 


Utmi Optraiitm. 

The %vorking sulistanco re*' 
(’cives a (piantity of heat M 
from the sources, and givt^s out 
a smalh^r (piantity k to the re- 
frigerator. The (piantity of heat 
H «- A, is (^inverted into work 
W done by the engine. 


Reversed Operation. 

The working sukstance re- 
ceives a quantity of heat h from 
the refrigerator and gives out a 
larger quantity H to the source. 
The work W done on the engine 
is converted into a quantity of 
heat If — h. 


In the revernod operation boat is transferred from a colder to a 
hotk'f IxKly, but to itcconipliMli this an expenditure of work is neces- 
wiry. 

385. Conditions of Eeversihility. — In order that an engine may 
Ih^ rtivt'rsiblcs it inuKt fulfil these conditions: — 

(i) No heat must he spent in overcoming friction, or lost by 
radiation or eonduction, or changed into magnetic or electric energy. 

(ii) The ehanges of pressuro and volume must take place very 
slowly, K«) that while heat is being taken in or given out the teinpera- 
ture t»f the working Huhstanco at any moment may differ only infini- 
Usainially from that of the source or refrigerator with which it is in 

contact. ., 1 T. XL 

In the cycle of ojatrations of Carnot’s engine described above, the 

temi»rature of the working substance was brought to that of the 
Hotiree and refrigerator respectively before the substance was placed 
in contact with them. It ia essential to the theory of a perfect heat 
engine that the heat be taken in and given out at a constant tempera- 


S72 


!!KAT 


turo. In Htirling’s it in thci ftmtlJait tlii^ rnummikw to 

oriBuro, m far a« niay 1 h% that wlirn th<‘ nir rnirlum tin* wnirca 
and rofrigarator raspnctividy it in nln^iMly niinini ur Iiiwnrnd in tonn 
poraUin^ thn rr(|nirr*t nxlriit. 

FiXpiausinn and r(jnt.rm*tioit of gaiinH, «‘viipurnlif»ii nml liiinidartitm 
am irmtanwH of n^vcn’Hihlo proroM^nH, Huw atlard 

nxnniplnH of prrfnct In^at niigitu’H in run^^alrnnl in ritap.. XXVII, 
Many natainil in'ocvnnvn am imt mvnaHiFlo, and Mirh irnn-nrHil^lr 
procmHtw am nt»t nxaniplnH of piadoi-t In'af rnguiim, 


a 86 . C'AUNtnXS IMUNU’Uddv Tin* idlirifiii-y of an laiginr fmi 
honn almady dtdinnd (Art. (*arnnri«» prinriplt^ m that tha to«t 

of maxinnun tdlirionry in mynmihility* that “ ihi^ i^fliiitatry of a rtnrr- 
ailiki ongint? in ihn gmairnt^ that ran hr iihiainrd with a givini ninga 
of tom|Hnmturitd', Thr trnth td thr prinripir m driiiiiinnratrri !« 
followH: Lat X hr a mvrr.Hihlr riigint% and of |»oH.Mihlf*i Irt Z hr an 

angina mora atliriant than X, thru iliia nimn« tfiai ilir nitiu J) t far 


IF 


u\, , . w . ^ \v,„ , 

^ fur X» i.r, jjJ' > jj Miiid if Hj 


Z k gnmtar than t-ho witna riithi 

ba aipial to thmt \S\ > W.,. 

lait the^n tha imginm laf roupird in%rri*rly and wurk with tha 
iiuna aourra and rtd'rig«‘mt.oo thrn tltr rnginr Z r«*ftiorr« Pi tha 
Bonrra tha hant II j tiikrn from it hy thr rngim* X, whihi rxtarnid 
work of tha amottnt \\\ ■■■ W._, iii dotm, Thni wiirk tlim intiMt ha 
dona hy haat dariva<l from thr rafngrriiiiir, imd if i.i in nil 

exjwifnff^ thui tmrk shmU hr dihnnfd r#»iiff#iij«iidi/ imii 

fmm tbf ff/ritjrminr nf tin na/na*, *rhr pnnriph' n tto'ridtirf* Muhjact 
to tha truth of tha atiitatiiaiit ilidiriiitrd^ A^i^niiinig iliw* it fiiilowi 
that for finy iwi^igntal iam|wu’iitura limit# tha rflirimry m ii tiiitiimum 
whan tfio angina m ravar^thla* itnd tfiiit idl ravartilila angina-^ irnrk’* 
mg hatwaifti tlioii! limits hiiva tha snma atlirianry . 

287* lxpri«l0ii for Iffloitmoy. Cwrnol'i fiiaolion. Wlian 

work ii iloiia hy ii parfaat angina a tpniiitii.y of haiti liiJlwisaii 

two iHM'liai til clilFarani taiiiimrittnras. If ilia imm I-Mitiipii ura of tltii 
iiimii tam|MiriiUira no work m nhtiiinwl. If %i'«o'k i« iilitiiiiiad, thi 
tani|Miriitura« must ha diflaraiit, Ko aitm-njd Iwwly isi pmiaiil wdth 
whiah finy intarafuinga tif anargy anti Pika piling iiful iht^ ifnrking 
Mtilwtonaa laavei off in ilia poMawion of m iiiiiidi aiiargy ii« it itmitml 
with. 

Moraoviir thii rmturts of tlm mrnnw itiitl rafrigariilnr tin imi afitar 
into the Argumiint, nor tli^i the jmrtiaulmr iittitirii of tli« runirtilili 
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procesa employed—it is aufficient that it be reversible. The quan- 
tity of hc'al- iranaferred in the cycle can thus only depend on the 
thennal (‘.onditiona (i.o. the temperatures) of the source and the re- 
frigerator. L('.t tluisc be respectively 6^^ and 0^; then the efficiency 
may be writ.ten eipial to A {0,^ — 6^) where A is some function of 
l-he tem|)(',raturt'.. The (quantity A is called Carnot’s function. We 
pi’ocMUMl t.o itHli(‘ate wha,t the value of A must bo. 

Conaider tlu^ eyrie of an CTigine in which the working substance 
iH a p('rf(H’t gaa. 'rium in the states corresponding to the points 
A, B, i\ D, fig. r(‘.Hpectivcly, we have-— 

f), (), 0, e, 

'I'ho work (loiio during tbo change along the adiabatic AB is by 
Art. 269. 

w, = L {p,v,_P,v,} 

y 1 

= ^ ^ 

y ^ 1 . 

'The work done during the change along the adiabatic CD simi- 
larly in 

w, = ^ , {P^V, - P4VJ 

7 - 1 

= ^ ^ 
y — I 

'I'hoHO clmngcK being of opposite sign and equal in quantity cancel 
onrh other. 

'rho work W._, done by the gas during the change along the iso- 
thmunal from « to o is oiiual to the heat absorbed during the change. 
Hciico by Art 252 

W, = H = 1\Y, log. 5 

V 2 

= ne^ log, 

Th« work done on the gas during the change along the iso- 
thorinal from I) to A similarly gives— 

=a A = log. 
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But since 

1 and are 

aditihatic linca^ we 

ha%^e hy 

(A) (Art. 208)- 

f>,\V ' - 

ft.V,/ ' 



and 

d,\7 ' - 

f/A'/ '■ 



Whence 

V:. 

v„ 

ami log 

V. 

V,, 

^ 1 


. w., , 

11 

1-Mv; 

(K, 


w, 

Itft, 

l-K vl 



w„ - w, 

H - h 

\\‘ 

", ", 

•% 

'w, 

If 

11 

", 

and 

W., - \\- 

11 - I, 

ft. - w 

t 



h 




(K) 


Now iH tho ratio liotwron tho work ilom* by thi' I'tigint' atul 
tlio etiorgy it ahwtrlm fnou Uio w«uw, wliirh in iko tlolittilion of ti|!l- 

^ , IHlTfn'iii'i’ Ilf t*’ni|wr«iiir«' "Miirt'o »iiil ri-frtyrrttlitr 

• * Efflt'irix'y 'IViHlmratiirr nf miuri'i' 

(Jiirnot'a function A in tiiUH ahowti to (h’ imiohI to . i.o, iho rwijr 
rocal of thei almotuto ttifniMiratitro of tho aottn-n. 

Tht) total work <loiio Ity tho giw 

« W = W, ™ W, U (ftjlog ^ ^ 


u 

H log («, 


V. 


i"K 


Hv) 


II A 


m 


a88. Ah an axamplf* wa taka a jammi of air rotiti.l a (’arnotH 
cycle, Iwtwoen the teinjKirattin'H t) ('• ntnl imt t’, 
lieferring (.« Hg. IHfl 

Point A. -hoi «, 273 (« (*.): !*, 2117 Ih |H.r m,. ft . 

then V, l2 3Ur. U U WM. 

The firnt ojreration irt an mUahalir i’omjtri’H«ioii nhnig the line Alt 
then (Art. SRK) 

«,V.> » «,V,/ ' 

/. 273(1 2 list! *' 373{V.;)*' 

whence V.^ STyit. 

AIho - l',V,r 

.% (•iU7)(i2'3i>)'*' iyr. 7»3)'« 

whence I *1 II1H3H. 
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Also work (lone (Art. 269) = = --.1.-. {P^V, - 

= X 96T X ( - 100) 
= — 23439 foot-pounds. 
Point P 0 !i the diagram has boon reached where 

(L = 373 : P, = 6183-8; Vo = 5-793. 


The ae(H)ud operation is an isothermal expansion along the line 
Lot it continue till, say, = 1*5 Vg 

= 8-689. 

Now l\Y,, = K (L 

8-()89 I\ = 96-1 X 373 

= 4125. 

Also work dotio(Art. 252) ^ = R 6., x 2-3026 x log f 

/.Wo = 35845-3 X 2-3026 x(~‘l76091) 

= — 14534 foot-pounds. 


Poini C on the diagram has been reached where 

0.^ 373 : l\ = 4125; V., = 8-689. 


I'ho third operation is an adiabatic expansion along the line CD 
till the teinpc'.rature falls to O'’ G., then— 

= w' 

:i 7 :i(H-r)H 9 )''“ = 273 v/ 

V 4 = 18A84. 

AIho \\ = R -f V4 

= 96-1 X 273 -f 18-584 • 

= 1411-7. 

Also work done 

= * X 96-1 X 100 
•41 

BB 23439 foot-pounds. 

Point D on the diagram has been reached where 

0, = 273 : P 4 = 1411-7; V 4 = 18-684. 
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The f«nrilH)|Miraticm is isotheriititl at Cl' i \ iilnug th© 

liria DA till 

V, 

Siiira PjVj 

141 1*7 X 1*^ 

A l\ ■ 

Also work dtnui (Art. ‘J5D) 

\\\ H fi, X X higs,, 

INV! K *i7:i X 2'.iD:!ri x 
IlUVM 5 fiMit jwiinjib. 

Point A on the diiigriii»i hm hi^ni mirlsi^l ttln^ra 

ii^ ^r:i :*i:\ I pj t!ii7. V, I’rAiK 

ami the air m in its original rinnltiinn. 

The work dontum tlio air i» tho sum o{ iliti itiii«»iiiit:« dMim in ih© 
iiifiarata optirationM 

W W, + + W, 4* U\ 

- :2343li « VmU I + |Di»:i? 5 

fmyt |s»tltid^ , 

i.a. the work dorm %/ fht^ air i# iiHlMVf* (iwii, piiiniliy. 

11)© wnciiuit of work «ion© \V m r# 4 wtt#©nlitt| l»y ilni arrii Aiiiii, 
and way Ihi ©iiltniliitixl from r<|tialif»n |F| 

W U Itig (ji. ■ jfi/i 

mi-l n I X :i 3rnm m Um 

ra fl, 

which Hgnm with th« rcwili <iiitiitt««<i {unit »n cirtiiiiiutisoH «»f the 
dtstailwi ojHtmtiaii, 

In iho ftl»vu tlomuiiNtnttioii wc hfivu «ti})|icwc4| ihn »nh 

stfttHffl t*» Una prfwt fjn#. Hiii th« argnwt'nt* «i \iIj» '.'w) f» .!W'. 
am gwiitral, ami it ia ah»iwii that whale V«1| lilt' Wittkuij^ 
muy he, iiroviihii that it n ukini rmiml a reversilile . y ie, any 
mvcrmlih' pngiiin hiw iho winn ertiriuiH-y haniain.it sf.) si 

thnmforo »f miiverwl a{t{>licatu>ii. Ami tt i» >4 (•K ai j.M. ii. al iw 
{Hirtoncn, for itwhowd the limiu within whwh inijoot. no (tin in ,»» lotit 
hmt wiginew urn jttw»ihle. A piJrfwl enginA wtifkiiig « n ion ..ftim/iry 
UmiKt of lem|i#rat«rw rojacla the gnwUir jxirt «l thw he«i k«i|.|4ip 4 to 
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ti, ancf im vm\ angina can be made perfect. The efficiency of heat 
must therefore ho low. As the conditions laid down in Art. 
tiHo are nitire (dcmely ftilfillod the nearer will an actual engine ap- 
proach t he ellieiteiey of a jierfeet engine. 

289* AHSni,UrKi 1l^hMlM<UtATURK.-— The absolute tempera- 
turen hitherto nu^ntioinul have been considered as obtained from the 
indieat iofiH (»f a guHC'.ouH thennoinctor, the gas being a perfect gas. 
I*orii Kelvin look the t^xprcHsion for the efficiency of a heat engine 
m t he hnnih of a Kralti of temperature. This scale is usually meant 
whrn till' nb.HoltU4^ wah^ of temperature is spoken of, because it is 
iiiflcpi'ialent of the behaviour of any particular substance. 

In Art. ‘JH7 it wan nhown that if a working substance be taken 
round a revernihle cycle, tlum 

I! (L 
h ^ 0 ; 

I#oril Kelvin therefore proposed to construct a scale of tempera- 
ture by making tln^ absolute values of two temperatures in the 
riilio of the lu*at taken in t<» the heat rejected in a perfect thermo- 
dynamic imgine working with a source and refrigerator at the higher 
and lower of the tiunperatures respectively”, so that “a unit of heat 
de# 4 remling fnim a htwly A at the temperature B on this scale, to 
II bisly fl at tiuiipf^rature 0 — I would give out the same mechanical 
oflVri* whatever ht^ tlu^ value of If wo then imagine an engine 

efficiency is unity, i.e. one which converts all the heat it re- 
into work, the refrigerator of such an engine must he at 
filmnliile mmi Tho nearest practical raalimtion of this scale is that 
lilitiiiiied from a rtiversihhi engine in which the working substance is 
line Ilf ilu^ more perfect gases, and from the experiments on those 
mibrnimm related in Art. 242, Lonl Kelvin determined to what 
pjif-eiii ttioie gases dilfiwetl from the ideal perfect gas, and how far 
iitrli difference of constitution tended to produce divergence between 
lliP iili*iitule scjile of tmui'airature and the scale of the gas thermo- 
iiiPler. His conchwimi from the most accurate experiments on-air 
iiiid liydrfigeii wan tliiit if the tempm-aturo difference between 0° C. 
iiiid Iciti" i \ bi' tiiktm as 1 00 degrees on the absolute scale, then the 
al^iliite mmt of uuiiperature m almost exactly - 273*" 0. Tempera- 
iiirc rmdmm «« th« absolute scab are therefore very nearly identical 
witli llioio the liytlrtigen thennometer, although the principles on 

* |4*«I Eiltlii'i antf i, p. 104 
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which tha two firiilas lira forttiiHi hiiva nii rniitirriinn h it|| nf 
Tha amount hy which the ramltn^H af ihr ili«'*riiifiiiiti,|if 

diffar from theme tha nhwdtita Mnila ftm)‘ hv llrl|l^l•l»l| fruiii i,iir(| 
Kalvin K axparimeiits. 

Tha a!iwdnt4' tliarnirHivnaiiiic niiii* he !T|>i'rHr!i!r4| 
as in fig. IH7. 

Lat Alic’ ha an isolharmal liin^ hir any ry ifj,, i^jifii. ^ 

aornmponding to tha initia! .ntata nf ih*^ ’Hih-nfaurr, ,iii4 |||^, 

points II and t‘ to its nfiar Im it ,4 1 ,.^ 

of haatat|Ual to H and 21! raH|Mw!ivrly. Al^n li-i 1 i|\ iIji- 

liiid f«»t o o 

T’ht'^isudi ii^ 

and i‘ let I fir sM iiiil»af ir‘?i 
tm, *'S h*^ dt.ittii Tlirii ifie 

si f «ni.« h I , n, l% %t \ I • 41 g, «,,, I , I 

In *-»n»’ itfeifliio, siA fe|ira 

!iir= dull*' hr fi |ief. 

leri fOigJiir, ii-fiirh t4l4e!i III 
lli'fll li jil O ll. 1 l 

r«drig«Otd^*i' si! I hr 4lir»i|i||*i 
III lr||||*«o «i!iif r, liiOiS 
InffliH ill! tlir I'lriil il irrivH rni 
U»l«* Wnt'k I Ir I iii i^r II .||M ’ is||i| 

— ” — ^ lt'( !<> U 

Fig l»t 1 i i>f »»■*! in I in-.iU lir ilr.iwji, 

■ litnhii^; Uh’ M)s, isjixi 

into ff WJtwl JwrM. Th«>ll lie llJwi.Ui!.. «alr lr)|,|K,r,»!„r,. IS 
rnpjmfluU'cl (ly liirmi iiiothi'rMiiils 

ago. HKCONIi i.AW (»K THKItMotiVN \MH s li, ,\h 
it wan *hfiwn that thn j>r»tii( nt ('itrtioi'. {»iii)ri|i!<. 0j,.( Un’ i, n. v 
of tttiy ongiiw in a* high m it .•«« U, ,t th« . „ ,„t ,pr 

dihlp, tlofMsmlit on wi 

Wamn ofitatn miH'linniml anargy »‘y hr;,! u, }«*» ft„„, 

a hot iKKly A to a wihfar Ualy ft, Imi if jfia iafi)|i« }..!uf.. .if A l«IU o. 
that of It tha tratwfar of haal anil il,a |«iff.,t«, ,,f i„... ho.iral 
work <«wa; and unlimg m wa tinoi „nr ati.-mi..i, o. 
ami do not emfiloy Rtwhanu'al wotk ii|Niii ilu.ni, m, im.ir *« ,.i k , .m i«, 
ohtainwi. 

Thi! iKKiy A atill rontaiin a tiora ..f anargy, !»u ...u 
tnnity of nti!i*ing any of thia i» whiio ji i* }«MM.u»g m iha f«ft« «| 
heat from A in aomo colder hotly. 
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'Huh fuc*i Ih in the second law of tliormodynamics, which 

Inw Ihh'ii ihuH Htatc.d by tUausius: - 

It is imjHmihle for a srlf-aclmj machine imassisted hy any external 
ittjfiiry io eonvfif heat Jr mn a colder to a warmer bodyJ^ 

1’hfH «e(‘<in(l law of thorinodynainics is an independent axiom 
Hoparato fnnn and not- deduced from the first law of thermodynamics 
or fnnn any principle of dynamics. It is based on experimental 
evidiun’e only, an<l in its turn serves as the basis of the theory of 

iai|,pneH. 

'riie mairj evidences of its truth is that deductions made from the 
law airree with cKpiumaice. 1'he transformation of non-mechanical 
energy, l.o. honU intn nnwhanical energy is the summation of a large 
nuiidH*r of small (pmntities of energy and the application of this 
energv to tin* movtnnent of a larger body. And the practicability of 
tiuH protMWH ill llmiti'd. VCo cannot take, say, a million molecules in 
rapid molitm and eaum^ them U> \xm up the whole of their energy in 
eomnuunrating mei'hanical motion to some larger body. If the mole- 
vnlvn rotdd hi^ tlealt with individually this might bo done, and the 
i4i*eond law of thernuHlynamies wotild not hold good, but experi- 
mmttidly wt^ can ordy deal with masses of molecules, and the law 
oxprf^MHes this limitation <d our powers. 

It muHt Ik* remetnhenKl that this law applies only to engines 
working in revtusilih^ cycles and to reversildo cyclic processes. It 
iM poKHiblr to t ransfer heat from a eoldt^r to a warmer body; hut when 
if in tuU possible to repeat the changes of the working substance pre- 
f if 4 fdv in ihf^ reverse ordm*, and by that means restore it to its original 
pr«H’ei4s in an irreversible one, to which the second law of 
tlierim«Iymimicii is not applicable. Thus water in evaporating from 
II veiiMid VihiIh it below tlm tentperature of surrounding objects, and 
Work roiild be obtained from tlie vapour that is evolved; hut this is 
till vtifliiiitm of the law, beemtse in the operation as far as described 
lliere 114 no rvcle of operatiems. 

So, iiKi, romprensed air in escaping from a cylinder expands and 
iUon work, and the temperature of the cylinder falls.^ Ihit the air 

mil iiieitdy cooIh, it hint changed its volume also; and if it be caused 

I** iTiiiririo till* mine volume and condition, the whole cyclic process 
will l»«* fotiiid to be in accordance with the law. 

Ilirii proptainded the following oiieration as a difficulty in accept- 
ing the IfiW* j ^ is>Q\ 

He iiniigiiied two exactly similar cylmders A and B (ng. loo; 

iiiijwrvifitw to li«t anti connected at the bottom by a small pipe. 
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In each cylindur works lui airti^ld .uh! !iv iinmim 

of at«otht'<l wlns'l oiii- iiision 'oi* 1 "’ raiH.-.l .m.i lii.' uihrr Kiiunlt.nu*. 
ou«ly loworwl to nn At ihf ii.u! tin' a is 

lilloi'l with air at It <'• aii<l It h i'iii|.ly Ihr (n!..- > k. pi i,t jiiu 
throughout tho opfrati.iii, Iwi now th.- who.’i !..■ «., that 

Bonio air imMsi-s from A to ». Tho. au i-. ion f h. )«««. 

ago through f, anil owing l<. this n«<- to t.-ioj.. ritur.- u-. )>i. «iir.t 

ifiii'* |Jirnnii!f^ I |,|t|| 

tip’ f «if iliii 

air 111 «'«»Hi|n r-ppMii riU'Afs 

till? \n fill’ rp||. 

ttip ri'W’ ill 

Iwifh i?i rMiiliiiy. 

«|m rlH| '»’4 tllllll 11 III* II 

III! tii*'** fM*i» h til ii ili« 

««l ftp’ I'lii*! raiiifil 

III a l*r*^a!«^r ihtifi fiMT I' *f}|p 

urrtl|tlr’i fitsilir m fit 

tir^l , s»» liir?'h;itsiA-:il HMik litiA 

flMl}*" mil It, ‘-kiid It’i iiliirti tlliH 

Iwr-ti imn*n\ ihti! iln ^aill fuliinl 

Mi^tn 

lint it irinal lll• 4 t iiliiliiitui 

ga# w t |ji tip- |ipii|. 

Vt m Is»»ii4 1% lugln-r !•> -.i fpwrf 

lrfii|«s'ralurp >»-» tlitil llirnp iimr 
i%%«l ^ |i|»» *»nfi fiiiif. Ilf 

a SsM»|| Ilf Ipy-iit fti 

ItMi'' I' ali4 it *»nl 4 ! a liiWiir 

lrtti|P7riif nrp , li»p tlial nf a rt' 

Hi al 

i% iilul 

t4l'ftl|K5fllllirti, II 111 l«lllt *4 Iraliftlr.rir.t tn \hr fllil 

i« itii* mmw- INiil 4i4 rr^lir |^^»« ^ i<i 

II hot mn\ liiit olilf l»y th*' ifilrw|tirli»*ii *4 a shtr-^i hr.il 
I1l0 prfM'tiii Wi» llfil II #lfn|lb ryr|«i: 

III II cyriir iijwriili«ii lli*^ i# ht«»ii||ht la- k l-'t it.y 

iilltl llsi»rp ii lw» rliitigp m il# inhmm-' I |p 

clilprgy of II t» lliw w^rk that it 4 m m 

of jiiirliiig wilti 111! iln lipai. H mnm»^ l«> i!ir#^iifr 4 , i ,14^'* ilirrt 
ii tm |ir»eliciil mwaiii iif m Umh *»i h* *1 I hMi%gr% m 
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itH iimcniiit. im\ tnaasurod by tho amount of energy that enters or 
thuing any (operation, as expressed by the equation dE = dR 
- d\\\ In a ptn’fect gas the intrinsic energy depends only on the 

tvnipnrat ure. 

3CJI. Refrigerating Machines.— In a class of machines used for 
|uu'|H»HrH (if ridrigtu’ation, heat is taken in at a lower temperature 
and givini nul at a higher temperature. 

Fig. I HU KlnnvH an arrangement for cooling a chamber by this 
nu’iinn. A and n r<'pn'mmt the two cylinders of the engine which, 
thr«mgh pipm (ainiaining valves, are in communication with the 
cluiniber ii Other iHp(*M containing valves connect the cylinders 



with ft vtmlvr n, which emmists of a chamber through which run a 
iittfiilMn* Ilf tntH'H. (’old water is kept running through these tubes. 
Wlicii the piston of A rises, air paHses from tho chamber into this 
i vlindcr. mid when the piston falls this air is heated and compressed. 
Ill ildfi riindilioii it passes into tho cooler I). Leaving the cooler it 
mmm ititn the cylinder % where it does work in helping to raise the 
pifaiiii, By this process it is cooled, and then by the descent of the 
litiifiiit is driven into tlm chamber u. In ordinary practice the tern- 
irriitAiro of the air iift4ir comprasiion m about 160^0., is reduced 
In iiiMiiii Ifi" nr (*. in the eoolar, and to about - 40® C. by the 


im inSSllL\TIGK OF KNKliOy.-It has been shown that 

wh.m li quiu.uty «{ hml il in Utkcn in at a higher temperature by 
n fiigiiif. an aiiuHUil ctf work VV is done and a quantity of heat 

h IK aiviui out ill a lower tomjierature, Tho heat taken in <»n never 
all }«i wmvrriwl i«t^> work by any engine. The heat A which is thus 
ri'jiwu^l i« iiiwi|«UHi ..r degnuled; it has to he available for 

working jiur|KWiw, nr is at any rate leas available. The availability 
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of boat cloponda on ita tomperaturo, and IhkIicw at a higher tom- 
poraturo are alwayn toticJing to fall to a lower temperature, ami sinoe 
every form of energy can be transformed into hwit, and sueli trans- 
fonnatioiiH are always going on, it follows that there in a teiHleney 
for all forma of energy to uiki) the form of {liffuaed heat of low 
t 6 mperatur(‘,. 

293 . ENTItOl^Y. The coneeptit>n of entropy whieh wm touched 
on in Art. 271 is much uaed in working eertain problenm eonneeted 
with the Rtaam engine. When heat enters tu' leavea a lanly at a 
definite fixed temperature, tlure is a change in its entropy, the rela- 


tion beitig 

Change of entnjpy 


Quantity of heat passing 
Absohue temperattire of the Issly* 


Thua, sup{K)He we have unit nuiss td water at I CHI ami we con- 
vert it into steam at 100 ** C%, then its entropy, taking Hegmudt'i 


vahu) for L, has innrf^astsl hy 


37:t 


I •4383 tinii. It has l>ean 


proposed to rail this unit a rank (after tiankine). Entropy is 
usually denoted l>y the symbol »/♦, and the alane mptatioti of defini- 
tion may h<^ written 


The entropy of a suhstance de|MmcIs tm its thermal iitiite, and ii 
always the same when the mihstance is in the mnw statu. The 
actual amount of the entropy of a stilmtance cannot be statcsl, but 
only the excess or defect from the amount which it posaiwses whan 
in a atiintliml state. For water the state m that which insists at 
0® 0. and 760 mm, pressure. That is taken tm the mm ai entropy. 

In this section nil the temiHimturea are mtmatired frcitn idaoluti 
zero (— 27, T‘ (1), BupjMme we have tinit mass f>f wiiier iit 27»*r A., 
and it is heated to 274'*' A. There haa lw»en added t4» it one unit of 
heat, and this has I'Miett clone at tem|iemttires the ititnin of which ii 
273*5"* A. Dividing thii unit of heat hy 2T3'fi, the i.|Uotimit ii *CX)36fi. 
Approximately *00365 unit of entropy hiis bien iifidutl to the wiiter, 
and if we supfawci that at 273'* A. the water jioase^ed no entropy 
(which ii a cotivenieitt priwtim! eonveriiion), lliott tli« entropy of 
unit mass of water at 274'* A. is *003115 unit. It will lai olmervtid 
that this rewtlt ii not cpiite iieeiirate, for the tiimt wa* added nnd 
the tam|iiiraturi wm r&iitd gmdimlly, the pre^ttt rtially eciniiitirig 
of an infinite number of very iina!! 
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Let a very small quantity of heat (ZH be added at temperature 0, 
and let the rise of temperature be dO, then if d<l> is the increase of 
entropy 

If we take the specific heat of water as unity, then dH. is numerically 
e(pial to dd, and 

# = V- 

Integrating this equation wc have 

</> + c = log, 0 


whore r is a constant depending on the origin. 

Starting from 273' A. and dealing only with excesses of tern- 
p(a’ature al)ove this, and writing <l>$ for the value of the entropy 
at any temperature 0, 

is = f" = log, - log. 273 
Jars f' 

= 2-3026 (logio e - log,u 273). 

At 274" A. </. = = log. 274 - log. 273 

== 2-3026(l()g,„274 -log.o273) 

= 2-3026 (2-43775 - 2-43616) 

= -00366. 

At 373" A. </. = 2-3026 (log 373 - log 273) 

= 2-3026(2-57171 - 2-43616) 

= - 3121 . 

IVoceeding in this way wo obtain the table of values of for 
water at various temperatures set out below:— 


TimjHiraturo, 

Uittnit Ututt 

Eutrojiy. 

of Stottm. 

Water 4>. 

Steam <i>i. 

0" 0. 

600 -B 

0 

2*221 

20" 

692*6 

•0707 

2*098 

40“ 

687*6 

•1366 

2*014 

60" 

664*7 

•1984 

1*894 

SO" 

660*6 

*2567 

1*816 

too" 

636*6 

•3121 

1-76 

120" 

622*3 

*3645 

1-693 

140* 

608*0 

•4156 

1-646 

160* 

493*6 

•461 

1-602 

180* 

479 

•506 

1-666 

200* 

464*3 

•549 

1-631 


' C 278 ) 



. wm«r ml" 

Steam. h ihe '•» " i 5 '« 

™ U'. 'I""""" ■- "■ 


\hm nt HT 3 A.» 4 h 


II ' 




* I iMlilli*’!riitltl II f|<tlti 

Th« laum<' h«‘at "f ,.( , «i wiy 

ihuiU'h formula (Art. ? , . ) y jj,„ ,i,. ih<»l »li..ttii 

b.vi,w 

th« e»lr«j»y «f "H”"". \ Vi uLii 

vahmn ans givun in ili« ‘ " .h^i « i,.injH’r«iurii .'i>lr«»i..v *>r # 

tiiagmm, iho viilms* »{ ^ j ,,f.,ii«t. lU" itiin|«'niliire« 

aJm givan i» tlm alann ia».l. lf'« ^y, 

Imittg tiikm> M llm »»*1 **««’ 

aiagram llm hnriwmla .,r «r« mii.i»*ali«i, 

linaa, whuh an, \nm j .1.1 Uy r«l 

«f I * iliii* Imimmnt llif itni*oriPiila 

angular ar.«, Owu.g U. . W-ngh. U-iKhl 

H,«t - Ttnnjieratur,, X j ^ ..uir„|.y 

(Art. m. imnpralur® Umimi. i" 'a'*' 

‘"'S ■" r''''-"" 

Thu^ - ''7 r.™r.l r - 1 .:... . lh. ... ...... 

1 ” '"I'S V 'Itr iSS; 

pralure t« IW) t . ninl«r wimmu 

ii„„ «. ,«. t.. ii.. '"“'w , 1 . 1 . 1 .. 

jmlnl « la Wlwwn «‘ and t* indlraW ln»» !*•»* 
vtntwl iut" wat*""' *•”* furtlwr 


llw mitt* "f water 
lh« iiMtt* «d ateaw 


I'll 


. . .. Urn mkad fco 13tJ” r whIxmH rvi»|i*‘r»lki«, 

thiKS* .m” '■! •'■" "■■' ■' ' "• 

miiti Whi'U ai* twilha U water awl fiwr iw.ilw -n 4 "* I- • "‘I !, 

JlSt. «» » (■• -1*1 1-- r'"' ’r;l 

«> ihu ... T 1 » k«i a-.b*i 
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; frtiiii ilti’ riniiliiiun nmrka<l hy tlu^ point o to that indicated 

I hy ilifi futiiit- h rrpnimnittHl l^y the product OF X FS. 

I af 4 « Spaific Htat of Saturated Steam. —Buppoae wo have unit 

I tiiiiiiii Ilf wiiii’f III fdmolute). 

1 fill Lri lift i.rfiipi’ria-nm mined from 99" (1 to lOr C. without 

fiiiijuirfilitiii, Hie heitl litworUnf 2 unita. 

Lri ilm Wilier he eviiimnitod at lOr* G, The heat absorbed 
ji itifi Iiiiiml tieiit at Itll" ('.* which from Regnault^s formula (Art. 
till fiiiiVfi - (ltii5 X UU) - 538 ‘505 units. 

O'l Let ilii' iniifM'riilure of the steam Im lowered to 99"^ C, with- 
j mil rtiiiilmiwiiifiii, tlirii the hml given out » 2S units where S is 
I lliP ii{tiicifk’ li«il 
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(d) Lat tha \w cfitMlf’nmHl itiin tt.iti'r iii I*. tl 

hoatgivim out 6im'5 X in*i linii^*. 

Iloat takan in 

[| 'I { - ‘.’s :*:i;' sniif^^i 

-• ;fS f iU. 

Anti tha wcirk tkaia tn nhiiwn In* hr< ri|!iiil in il 

ilitfaranaa luitwaan lha mil ropy *4 Itni r fil 

mimn t4mi|»amtura) tn ilir ^inlnrij.,- *4 ivmprr^Mm 

whiah h twn ilrgraaH. 

W «■ I 4.1^ 

llul ft 

~ ’iS f ni ■ 

iin»t S I 


Sigj. Cianrriillv anv «iiil»nl4iiir'if ulufli if, 4 fri 

lit|uid in viijwinr 

if ■ ' ilia Hmii *4 llm 

'4' tinii *4 ika sit ili*' &.4%iir«' irfsj|M'ru!iirr, 

iwd d + dti ' liilVrr and hi.giim'- lrni|«'4 silm iurly^ 

{, ihf^ lalriil *4 lb*' %a|«.*ys' !,r.iii|«tn'ii! nrr fl, 


rata «4 rliiMl||a i4 ll^r- 1si!.ri:,l hr 

inra . 


»i!li lr«i|M'’l 


Wa lillVa ill ilia Illlaai*ii^iva slrf^slrd -i'i« 

(f$) llisiii tekmi ill ■ «S4?i 

{h) Ilimi iiikmi HI L I 

^ ' df# 

(r) liamt givrn sfiil ■■■■ Sjii 

(fl) lilt-ill givifii iiiii -■■- 1 , 

,*, H - • tS, • H,kh* « '*.* ■■i'f 
anti W 

fl 


F 4 |ltlllilig itiw Vftllia# s 4 H ftSiil \S tiiid s|s%t 4 ii»|.: t») 4'^* ■» r- lm%m 


L 

ft 


Tilts 4|iiittiiil,y in ja*%iti%*a fi*f iwiina itilstiAiM f*:s aif4 im* I 


nllittn fr.g. «iliiral«l ulrafii.i 
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a§6. Entropy of a Perfect Q-aui.— In Art. 239 the equation 
hr! w 1*1*11 hmi and wurk when a small (jiiantity of heat was com- 

ntiiiiu'.tlrii tu a ga.H, was hauid to he 

•ni h VdW 


Nnw *aiirr K 

. d\\ 

* ‘ (I 


< 

1'.'"'+ no" 

II ■« 


lltg hrfurrIJ ttl*’ llfllitM an<l < 

I c’.iufcj + Hiog,^' 

' «». h ’'3 

HI' ^Mili nnhuiuy loganihtuH. 

:: ;!(n.>r. jl'.loK JJ'+- 

IiiIuhk <•'!■ til.' (»f tnilm|)y along the line BC (fig. 

1 ^ii. ) III .\i 1 M '• lia'i' 

* U’.srilogl + '(I'''* '"K ^.g^y) = 'O'-S- 

Ih. i.-.ii!! uwy iil<«> Ih' i-iilvuliiti'il fnm th(i iiuantitics given in 
All lliu» 




u . ,t . iinni ^ I 
,1 ■ i:n*o ;i7:i 


■02H. 


'raking lin' « ■ <11 (-"[hiik tiiiK iimiiuiiii'K forthc oliange along the line 

|i.i » «i hat I’ 


>!• 


UHkll'fi 1 
laito 2711 


■028. 


acj/, f X VMl'l.l'X 

1 ri.. ..no- «•< »"■> of “*‘**"1 r 

f l.t..l»rti..« «» Kupplnsd will be utjized 

if iilf. rll-glljr Sfi a rllgitl*'? 

0, «l 

f| 

urn _ iw 

^ ' m 
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2, If 14 |W!rfm‘t whont^ isilitni'iwy in givt^n mjt lii'iit iit 4 tt C what u 

th« ti'mjHimturti of tho wmrro? 


w 

0, (h 

H 

1 

0, 

i), :ua 

0 



iW, 2H|7 


2HI7 


052 Mratly, 


Tlu* t4^tii|HTi4t.uro iM Ut'iirly. 

II. Tin* rrMiHlanoi' to thr totgiou »»f a tmui m rinoil in th«' wrii»hi i»| lf» mvt. 
If 20 Ih, of ooal arr t*nnm»Uft| fur t-vrry tmlu run Oy tlir Irani, an* I 0 ilip Inmfc 
prochmtHl hy tho oonih»?4tion nf I lt», uf hr r4|Hihl«’ uf Ih !!», nf 

wattsr ivt lO'Cr (h into ntram itl UHJ' <’.i «*ofn|mrt’ ihr rflh-imry uf iUr rngino with 
that of a mvomihlr ritgino, wurking liruvmi Iho' C*, anti 1 1 1" t?. 
tin-' train to run I milo. thou 
(i) Work tiono hy rnguir 

(ir» '■% n«0 * I?<I0 II fiM*l |Ktunilfi. 

(h| Knorgy mjiijilioit to rngino 

20 15 U nM onOa uf h»'-at 

■■ 20 M 15 H fhlil H lOOO foul |*«iont|!fi. 

. ll*P7 |»’r mil. 

Tlio oOknonoy of tin? rovonnhli’ mgino in .H 5| p-i iimt. 

I#9 I 'ill 

Th« mioim! rati«» In thorofom 

QUKHTIOKH AHli EXEIirtHl*>i 

1, What ii immilt by tbn *l|.«»i|Mrfii»it of morgy, atnl bow la itiw sba'IrtiiP of flk’ 
M|mtion of I’tiorgy with tlio wiruml la%w «»f ili»-riii«»i|yiiiiiiiiwf 

*i. 'What do you tinilrruland by a fiwomblo bral mginr. anti »lt#i i# itinitii by 
the rflknimoy »»f a inaeliinef lb»w wottld y*»n alotw tbai tlip rflli nnii'y itf iili 
rovowililff boat otigiiw^, wairktiig U^twrni tb*? ttanw' liinii* »4 triii|«:triiiiirp, in 
the mtiio f 

S, What i« the ttl«irt5fciral otflnloliey *»f a ^{•■ani «?fig4t*fs biilrr uf. IfiCl'' tl 

«mI i3f»itfiii»..i#r »l 40" il 'f 

4, If •l♦mln wer» ftiitiitl.t«i bit** a eybiti!f»r at m i-irr^nr*’* »»f lf» l*». ftwtl a l»iii|«?m- 

timi 212* Fit ftiid witfw foi|«ni-|f«i ii# a i^ffi|.»ipmtiif«? **f loti” w|«t i* ilio 

wiiotmt Ilf wurk wbirb ttmld I*p if lli*-- piigiiiP wpr« |wtrf«ilf 

5. An air twgifiK tak« in b«at at aW F,. «H'r« «hii «! *»«'" I*. Fiml 

th«»rt»titiilly itn? attitiiiiii nf wnrli the mngmv* it^oiil#l ib* if I'ontliinitt* 

Wpjpif t*f Wtig j^aitiawl, I4|*i«i tln»«s et»ip|iii«ii,»» »tiit ilrmw tliii 

iiidiimtnr dii^»iii wf ibt? 
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6. Find the approximate value of the specific heat of saturated steam at 200“ 0. 

if tluj rate of increase of the total heat be taken as *3 per degree Centigrade. 

7. I ind the efficiency of an air engine using 1 lb. of coal per horse-power hour, 

and cotnpare it with that of a perfect reversible engine, assuming that the 
heattjr is at 1000“ 0. and the refrigerator at 0“ C., and that the thermal value 
of the coal is 8000 calories per grm. 


CHAPTER XXVII 

SOME Ain^LtCATIONS OF CARNOT’S PRINCIPLE 

298. INFLUENCE OF PRESSURE UPON TEMPERATURE 
OF FUSION. 

ProfcHKor James Thomson first pointed out that it followed from 
the above principles that the melting-points of all substances that 
expand on solidification arc lowered by an increase and raised by 
H detireaso of pressure ; while for sub- 
Htances that expand on li<|uefaction ^ 
the opposite is the case. His argu- 
ment was of the following nature. 

During such changes of state the 
substances are working as perfect en- 
gines. Huppoae unit mass of a solid 
at its temperature of liquefaction { 6 , 2 ) 
and under pressure P to bo contained 
within the working cylinder of Car- 
not*s i>arfeet engine, and suppose the 0 
solid to be one that expands on solidi- 
fication. Lot the temperature of the 
source be fA^arid that of the refrigerator 

fit, the difference being very small. Then the cycle of 

operations may be thus conducted:— 

(i) I'ho solid subsUnce is placed in contact with the source at 0 ^, 
and heat is taken in until the whole is melted. The quantity of 
heat absorbed is L units. During the change the volume diminishes 
while the temperature remains constant, and the isothermal line 
traced out on the diagram is OB (fig. 191). Let the change of 
volume indicated by be 

(it) The cylinder is then placed on the non-conducting stand, and 
the condition of the substance changes without loss or gain of heat 
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until the temperature has fallen to The aclialmtie line BA lias 
been traced out on tlio diagram. 

(iii) iHit the cylinder he then plaeed in contnrt \vitl]i tht* refri-» 

garator at the toinpm’ature 0^, The imnperalun^ reniainn con:^tant, 
the liquid solidificH, and the volume iucreas^es. Him traml out 

in the diagram in the iHotluu-mal ad. 

(iv) Lastly, let the cylinder be placed an the iioiM’onduciing 
stand and the Hulmtancc brought buck to its original comliuou with 
out loss or gain of heat. l'lu‘ line traced tnit tm t!u» diagram is the 
adiabatic. D(’. 

Since the Hulmtanee i.s wanner in tlie firKt Htage ihaii in the 
third, its presHura in greater tluring that «tiig«\ iuhI wtirk is there 
fora on the whole doiu^ upon it, If the substiinee cfintrimt on 
Bolidification, the contrary in the ease. 'Hhe quantify of this work 
is rapremmted by the area AUCD lu* x liK u k tiV , and the 
heat token from tlu^ Hourn^ is L, 

But E^ttarnal work ttj — 

Meat taken from souree il, 

. II X 

** L it 

Writing ilj — Hi — HH; L X n x fiP x 

or L ■ ii X H; X , . 

i/D 


Where L is the latent heat of ftiiiioti of und mmti in tlynamiciil 
unite, u is the dillerenee in volume of unit iiiiiAfi in »oHd and 
li([uid states, ilj i« the alwolute tenqierature of llie muirce, ilB is the 
change of prt^ssure meitsureii in absohile unitfi, e4.irresjiondiiig to tfn» 
change of temperature HU 


If u ii positive tlieii 


HP 

tlH 


is jawitive; if a in negiiiive iJieti 



negative, 

299 . EXAMIT.hX 

(b Walir. Fer I nrfii, i»f tri» m O'* it 

Ii '“i n ri n Ul* 

m - lIMPc.iUii. 
aail fl| ■ 173 . 

The mitieiitiint twtw»iifi m til* aii4 ili ili» 

ehaafii <4 Oiiiijipmtiirft ii ilit» ■■ 


X l*i n W n m - m 17:1 w m* 
*% HU dP n ’lit I III • 
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If the i'haiigts of pressure be one atmosphere 

dP ~ 1033 X 981 dynes per sq. cm. 
1*014 X 10» dynes 
Whenet^ dO ^ *0074. 


The (iifTenuu’e ht^twoc'u the temperature of water when freezing in vacuo and 
when frri'zing unthT atnioaphericj pressure is *0074’* 0. 

(ii) (kUmlate the etfeet of an atmosphere of pressure on the melting-point of 
a sulwianee which contracts on solidifying V>y one-sixth of its volume in the liquid 
state, whoHf' latent h(*at is 40 units, whose ordinary freezing-point is 27° 0., and 
whoH(‘ H|Hn'ihc gravity when liipud at this temperature is 1*2. 

I'ake I grnn of the liquid ; thtm its volume = -r: *833 c.cm. The reduc- 


tion td volume on solidification is ^ of *833 *139 c.cm. = u. 

Tht» ehangt^ of pniasure dP 1*014 x 10‘* dynes per s(p cm. 


Hence since L X f/f? 

40 X 41*11 X 10« X d& 

d$ 


X a X f/P 

{273 -h 27) X *139 X 1*014 x 
I 300 X -lliO 


.V(a 

10 \ 

If 

10 I 


I'OHI 

^ 41-8 / 


•n-7 X 


l-OH^ 

41-0 i 


106 


■027.3" 0. 


In such esiunpleH jw Uie alspvts ’whtm we are dealing with substances other 
than water, tlie density is invctlved. This is owing to the fact that unit mass is 
tlealt with, auil it is necesHary to know the changes of volume undergone by that 
unit tmm, If the heat rendered latent Us known in the form of so many units of 
heal |w^r unit volume, the necessity for knowing the density is obviated. 

fin) SupiHwi a Hulwtance whose latent heat is 50 calories per unit volume 
iiudt« at 127 “ <*. in Cficwi, and contracts one- tenth of its hulk in so doing; at what 
yuiqw^rature will it melt under a pn^ssure of 100 atmospheres? 

Tak*^ one tmit vehimtL Tlum for the energy absorbed when it melts we have 
U 50 X 4*20 X ID’* - 2100 X 10® ergs. 


Amt the work d«me against the exU^mal prtmsure of 100 atmospheres = 
A X P014 X 10« X 100 sr 10*14 X 10«erga; 

a a jja 


-W 


hut 


H 

d9 


%h X 

d0 

2100 

pim” a 


Tin? inidling |sufit Is thert^h^ri 12 f»* 07 ^ 0 . 

300 . EKKl<X'.T OF PRl-XSSURK ON TEMPERATURE OF 
VAl’OUIZA'riON. Siniilftr reasoning to that employed above 
iijtpliiiH to ihti rhaiige from the liquid to the gaseous states, and for 
this ehiingi* also we n»tty write 

L - tt X X gg. 



zm 


HKAT 


All i*f ihi# tn i*» ih*- i^^hw ,of u f,,r riir#iii, 

Thu |»rrtmiirr iH* t»» a n-M-' *ii» *-4 I t"' m !r!y|«,r#ilij| 

from OUT*" th to UMI‘ 5 ’* C\ »•* givnt m iol 4 «'a *4 mrti my, 

v;;f| ^ 1:1:401 « 

f»su;! K II ^4 * 1^4 
;i;!r 4 «i m af 
*. h f 

:W :5 » 

Tht^ h 1 hA 4 ^ fn|tiiitiMit iiUo hnlii.H for jaihhiluit I |j«‘ Lifriil litin 
of Muhlimatitm m tli«M|Uiuitiiy iil»io»rl»r *4 m ilir» ^ o|o»rt«it 4 ii! 

of unit miWH of tho mM, 1 ‘lu» «|tiiinUfv «oii !«' «olriiLiif'*| frutti t|| 
rliiingnof vniiour wilh toii»|irriit?iso, and ilio mv inluinr 

(volunu'H of unit 11111.11#) t»f tlio io|«Miir 4 ii»i fo 4 i*l iil iiir 

givon torn I MU'ut uro. 

301* (iilTlC'Al# TKMl'KILXTI ilK iiio fur iti 

latant himt k writiuii 

I UK IL K 


• * 

Ah«t I* 

M 


A# tlui UnnjH^riitUM^ tm.m ilio 




fKdV 


ili*"rrf 4 iWo^, 


II liilo 


ill 


factor 14 (limini.#ho#. Whiui ilto r*|i|jtl in mm 

vaporiwttion t-iiko# |iiat?o wtlliout rk^ngo i 4 %njii!iir>, *110 1 L 11111 
ako «irci. Thit valuu of 44 .^ wluut thj«» la ili*’ kwiirn't 

tur^^ the nxiMtonro of whirli m lliii-i l»v ilir:<ir r 

Thd Tripli Point At l}ts» iiii»|ifU's4iuro lioi Lillis i iiiiil li»|iii 
itiitoi imi ill ia|iiililirium, «n 4 llii^ v^jpoir |it'r«tito i*! ilin a* 4 iii muf 
Im^ ii|lliil til thiit of ihif' li«|tiisl- For tf mw- pi wi^ir grmtf 

thlin till! OtliCr* lin lUlglllO rollllt liUltlfl^ lllla r4 lifr-.wliri 

anti work wuld Iw rt»nlililioii#ly olUmnitd Irmii l»i* Ui-sfir^n 'iilnrli #if 
alwfiy# lit the siittto liun}»oralisr« 


302. AldAliATIt* llir. .inoiy- -I tni 

|Mifiittirii itiiii liikim jilarn in a »ii!«ii4tiirii itlirij 1! i*s ,4. !s 
coinjiriimil iiiiiy iit.#ii I10 tbii’^niiiriwl l»y il»i» l’s«k 4 uui 

vidiimii cif thn iiiliitaiirn in ili^ roialiiion »4» !«♦ |fir««oi#'' i*ii 4 
rijiresMitml hy tins fMiint a l.fig. Il»l | 

(i) l.# 0 l tllii Im’ mlmUmlirAlly 4!% pf« 

iurci iiiifl viiliiiiii! r«irr«#jaifi«l l« tlw |#«iiiii n ihifiiu.: 

tllll l 43 tti|llTlllltril riiti friltll ft Itl AIwI lli«? pir%ii||r l\ In 
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ziir-' r™ 

..f II i. 1,*„„ i„ t™*pi°To"ht 

i" -lvuHU,i.'al Uilij, 

thou 11 = qdo. 

Al«<> if // ho tlio (...olliciont of expansion at constant pressure then 
■ ' t": "n^'-aH., of vohuno is dual to y x d0. ^ ' 

(ui) Tl.o HiihsUnco expands adialmtically, tracing out the nath 
“"'1 n;turning to its original pressure. ^ ^ 

(IV) Ihe sulmtanee contracts at constant pressure, tracing out 
•he path i.A and reUirning to its original state. ^ 

I ho Work thine area Ancii =; no X BE 
1/ X do (l>,, _ Pj). 

ti X do ; and writing tfP for P., — Pj, 

... y X dV X do __ y X d? 

H ti X dO “ ' (4 • 

lint the ellifioney is also oiinal to 


VV 

'The heat luktui in 

ElFu’ioiH’y 


**. ilO 
or Q 


^^2 

(L X ;/ X 

», X , X 


fluf i\w thin’iiml cnimcitiy of unit volume at constant pressure 
m r«|ui4l 141 thi! HpiH'ilH! hi*at at consUuit pressure multiplied by 
tliP ithfiiiluti? tliumity p cjf the Hulmtiuum, 

, (K,xijxdP 

X p 

Thiw miiy find t\w rimi in tnaiiH*mtura prodnad in water at 17“ 

liy alt mlilttiniini |iri4Miiiri' of niii> milliiin dyiicH ]a'r wiuuru ountimotre 

y ihr < iwilHriniit nt cnjittanitin iif water at 17" 0. k ’00018, Kp = 42 x I0“, and 

42 X 10« 

•00124". 


J03. srUKACK TKNSION. -Ixird Kelvin showed that since 
the stirfttw leimioti of a liijuid film diminishes its the temperature 
itierciMtes, si retelling such a film must cool it; i.o. if L be the 



numbar of units of lioiit \m‘ unit nnm in ki‘r|i ifip 

pc^riit-urci con.Htiuit wliiui tbo fibn in iluiwfi tlirii I, iniiMi |i|» 
poHitivo c|UfUiitit}\ 

I’ako fi film whom’ initiiil lUTa u. Hjufai-i* /, 

turn f/, its n»mbtitui bmiift ropirm-nti’ii by ib*' a i»ii tliriliiigriiiri 

(fig. 192), 

(i) L(?t tin** film bo oxt^unh'*! n^nflpoui.iliv lOifil iin !?» ii 4 

sUto boing thus ropromnitocl by tin* p^nnt i; mh ihi^ Hini 

iho boat Hlworbf’d from tbo ^lairro m -.m 

(ii) la^t tho film rontnoi. rMliiibats*’a!I) unui tin in jiml ||,,4 
atato rapnwontiHi cm tim dmgnim i»y tin* |«»ini *■ Inaniii,; ilufi 

lllif liliji tim-') iiml iln 

IfUnfM-s atur*’ i4lf*o'% br .uj 

th»^ niiibir'ft liuisiiin 

l«i iin'r»’ani- ill! ilf. 

uoi l.n! lln^ III in 

\ iinf.ll if-i n!,i-|lr nif" 

!»» ! lir |»-hj|j! |» s,|| ||||| 
w||i*li 05 *»ii iho Hi|ii|. 

biUii’ |.tiiioni5g f lir«»!i|,*|,i 

||l» .♦ Ivrl liM'^lllllj 1*0 r % lrf||||*|;| 
a«ii:ib.iil o'iiii V nnlil it.?j «'iiiii||||ii|| 

|« i»| fbr p^llif ti|| 

ili.o itir-.4fO iiiiH I li.r> rvrir is 

fig |s,r^ fit stiiipl* i 

Thoti !h*^ Iir-t 4o|ii!^ hr 

thii film is ro|irf»iiofil«i by th«’ art’ll au* i» .1/ ot 

If 40 is nftjiiim ifin Iiim hU in ibr hii^lo-r irj!i|i.«o iiinrr, iiinl 
thi tumt iiliiorla^l i» l4f* 

^ 4f 0 ii I ■ ilfl 

14^ n| 0 

If till ii pmihm tliP litm ili ri4tir^ i#i iIn^ higtirf !rin|.«-s niiini, nitl 
tha litmi iiliiiirinil k ^ I 4 A n|. 

^ 4/(h *- o| .|o 

lil ii) 

8 a Ihiit ill ottltor 

»!/ _ _ 4fi 
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lUtt ('xiicrimcnt shows that (//and dO arc of opposite signs, so that 
is always iK'gativo, thoroforo L is a positive quantity, i.e. heat is 

wlu’U a film in drawn out. 

304. Wish l^ADIAldON IN AN ENCLOSURE.-One of 
I hi' di'durtiuuH madr. by (Uerk^Maxwoll from his electromagnetic 
tiuHiry nf light, was tiuit light (exerts a pressure in the direction 
iif its liar ut pro|mgation. With the light falling normally on a 
aurfarr h<' ralrulatod the prcKsure per square centimetre (P) to be 
numerically eqtml to the amount of energy contained in 1 c.cm. of 
i hi^ nu'ditun iii the ri'gion of the point This quantity (E) is termed 
ilm I'lH'rgy timHity of the. nuulium. 

It may 1 h' nhown that inHid(‘, a hollow sphere which constitutes 
a ftdiy radiating enrhmure, the pressure P oti unit area at its centre, 
and the eiu'rgy tleimity E within the sphere, are connected by the 
eiiuat mn 

E 3P. 


Imagiiie stieli a Hplunn' at a temperature 0, aitd regard the interior 
raihatiim m tlu’ working mtlmtance of a perfect heat engine, changes 
of volume taking place ttiidm- 
mid jigauiHl the prcHSuri' of the 
radiatiom and tto oth(‘r forces 
entering into the arrangement. 

'riieii the eyelid i>f opt'ralions 

in an folloWn; 

(tl 1’he fi’mperatnre ht'ing 0, 
the pii'ramre \\ and the vtdume « 

\\ llii^ nphere wlume immr sur-’ 
fiiee 154 fully rmlmting in alUuved 
to iiieieam^ ill Volume mother^ 
matty by an aim*unt dX ttnder q volume 

llii! pieiinire \\ the Work <lone Figmtis 

being V % dX, Alw) energy 

lai gneit out by the mnmm to fill the space dX, and this 
niid.unt i» I'l X </V. 'riitirt tlu! tK>Uil otKjrgy given out by the 
iillliri.‘e in 

(E + l’)i/v = dU 


Thi' lilt!' Ati in tnuM'd Dill on the diiignini (fig. 193). 

(II) IniMiig Ih.. Hi-cond opi-ration the insiths surface of the sphere 
in i..ll.H iiiig and non ronilucting, and the volume is allowed to 
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number of units of heat absorbed per unit an', a to k(U'p the tern* 
peraturo constant when the film is drawn out, tlum L must be a 
positive quantity. 

Take a film whose initial area is a, surface Uuusion/, and t empera- 
ture 6, its condition being represented by the point a on the diagram 
(fig. 192). ' ^ .... 

(i) Lot the film bo extended isotlnnanally until its area is //, its 

state being thus represented by the point n on tlu'. diagram. Tlum 
the heat absorbed frotn the source is L(// a). 

(ii) Lot the film contract adiahatically until its arc^a is r and its 
state represented on the diagram by the point c;. During this pro- 
cess the film dotw work, and its 
temperatun^ altcu-s by an amount 
(W, Supposi^ the surface tension 
to increase by an amount dj, 

(iii) Ltfii the film contract 
isothermally until its states cor- 
respomls to thc^ point n on the 
diagram, which is on the adia- 
batic passing throngli a. 

(iv) l/Ct tluUilm be extended 
ad iabati rally until its eondition 
is represented by tlu^ point A on 
the diagram, and the cytfie is 

rig. com pie tell. 

Tlum the net work ilone )>y 
the film is roprosented by the area aik’D - df {h — a). 

If (16 is nejjdiive. tho lino An refers to tlu^ higher temptnmtun^, and 
the heat absorbed is L(^ *- a), 

. ^//(A - ^0 ^ - d6 



If d6 is fomtim the line UD rc^fein to the liigher tem|Hwature, find 
the heat absorbed is — L(& — a). 


So that in either case 


tlf dO 
L “ & 

ir* 


,w 
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But exp(iri!n(‘ait nhows that r^/and dO arc of opposite signs, so that 

in always ru'gativc, theroforo L is a positive quantity, i.e, heat is 
ahnorhod vvh(‘n a film is drawn out. 

304. FULL RADIATION IN AN ENCLOSURE. -^-One of 
thc^ d(*(ituvti()nH made ])y Clerk-Maxwell from his electromagnetic 
th(M)ry of light was that light (exerts a pressure in the direction 

its lim^ of |)ropagation. With the light falling normally on a 
aurfacu^ ho. calculated tlu‘ pressure per square centimetre (P) to he 
!uutu‘ri(*ally cupial to tlu^ amount of energy contained in 1 c.cm. of 
the mediiuu in the ri^gion of the point. This quantity (E) is termed 
th(^ encu'gy <l<mHity {)f the medium. 

It. may he shown tliat inside a hollow sphere which constitutes 
a fully radiating cuclosure, the pressure P on unit area at its centre, 
and the tmtu'gy thuisily hi within the spluuHi, arc connected by the 
etiuiitiim 

E = 3P. 

Iinagiru^ studi a sphen^ at a temperature i9, and regard the interior 
radiation as the working Hulmtanco of a perfect heat engine, changes 
(»f vohune diking place under 
and against t-lu^ pressure of the 
radiation, and no other forees 
entcniiig into tlu^ arrangcancujt. 

Tlieti tlm eyelid of operations 
is an follows: m 

(i) I'he temperaUuM^ l>tnng ()^ g 

ilie priWHun^ P, an<l tlu^ volume w 
V, the Kpluu'i^ whose inner sur” j 
face m fully riuliating is alhnved 
to inerease in volume isothor- 
lufdly by an amotint dV under 
the pn'smire P, the work done Fig. m 

being I* X iiV. Also energy 

iiiiiiit be givtui cult by the source to fill the space dV, and this 
amiiiuit is K X dV. Thus the total energy given out by the 

Mciurco i« 

(K + P)dV « dll 

Tim line Aii is trae.ed out on the diagram^ (%. 193). 

(ii) ! hiring the laeond operation the inside surface of the sphere 
ii totally nifleeting and non»conducting, and the volume is allowed to 
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increase adiabatically under the pressure of the radiation. During 
this operation the pressure gradually falls to the energy 

density to E — ■ (i?K, and the temporaturo to 0 •— (1$. The energy 
density diminishes during the operation, owing both to tine incnuise 
in volume and to the work done by the presstiro in forcing out the 
boundary. 

The line BC is traced out on tlui diagram. 

(iii) The inner surface of the sphere is now made fully radiating 
as in the first operation. The temperature remaining at 0 dO^ the 
volume decreases isothcrmally uiuler the pressun', P — dP until the 
point I) is reached on the diagram, this point Ixnng on the adiabatic 
passing through a. 

(iv) The surface being again made fully reflecting, tlu^ volunu^ is 
diminished adiabatically to V, the temperatures and pre'SHure rising 
to their original values. 

The line da is traced out on tlm diagram and the C’arnot cycle is 
completed. 

The work done is shown by the diagram to be dV x dV. 

The energy taken in from the source was (E + 

Therefore 

dV X dV d& 

(E + V)dV 1 

or writing for P ami for e/P 

^/E . d$ 

and integrating 

log E + a consent ss 4 log g « log 
/. E ^ a(^ 

iM, the energy density within the endosure m prr»jK>rtionftl to i\m 
fourth power of the temperature -the lk)ltzmann»Hteftin law (Art. 
183). 


QUEBTIONB AND KXEIlt.UHEH 

1. Ice mclte 32“ F, and wm at 140* F. A timi« «»f i»! at nr and a tutim nf 

wax at 139“ arc atijmmtoly mmimmmul by auitabln mwarw. anibl uitbfr r»f 
them by a sufficient inemse of tho prm^um bti nwltftil I Clive mimim fur 
your answer. 

2. State the second kw of thornimlyimmi^ and apply it to tbit ilotermi nation of 

the effect of pressure on the m«lting»p«int of a ailid. 
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3. th«' rise in toniptiraturo of boiling water if tho pressure increase from 
an aMntwplnn't' to li atmoHphero. 

4. From I bn <Iat.a |.»iv<‘n calrulatt' tln^ <^bango in the nuilting-point due to the 

nhangn «>f prnHHtirn platted in tln^ biat column of the following table:— 


8ulwtanne. 


1‘hoHphoruH . . . 
Mnlphnr 
Wax 




Volume at 




UvMUm 

Volume at 

Meltlng'polnt. 

heUHlty 

r^atont 

Oliaiige of 

p<»lni. 

0 ' 

Holla. 

hiciuia 

of Holia. 

Ilcat. 

Pressure. 

1 1 i). 

1 

I -01 7 

l-Ofia 

1 "HO 

r.*2 

10 atmoH, 

Ilf.' 

1 

voim 

lif.O 

2-0 

0-4 

20 „ 

wr 

1 i 

j 

t-ioi 

1-1 00 

•90 

97 

hO „ 



M ISt JKLLA N K( )l JS K\ A M 1>I .KS 
KXKUCiSHS 


AND 


1. Specific Hfint. *rh«’ m*|jriilri| mi Art 7# m» 

for t«’it»|n rHtuirfi. 

A hull <»f who^to iiniAn m »?■> r«’8m»or4 lm»«i n fur 

iimiinrwnl itt lf»ti ifriu, <*f wntrf nf. ir {’. If wi’ ili»i ivnirr ii 

i\w hvht whu’h til*’ pliitmiMiii ntml if fli*-- t«i|ji|«‘rs%luri’ *4 iln- urtfi’ 

HD'* lii’toriiitii*' tho triti}»*nihirr i4 Oji» fmrimir*’. 

Th»« *s|»rrDD' l}* At «4 |»hitiimmn D il.1l, 

I#i«t Jp'* i*. !«'' ilio lii'ill «4 U*«’ fiirtlJirr; Ifii'ji 

(I) out l»y tlir lutll III fiM«i r I** lir, 

'ilHl if ID I * 1K1|, 

(21 Unit iib.hi«rlM'-tn»y tlio uiitrr |f»D « !1 d , 

/, n if :vDi 

ID.HD 

r 

2. Fifiil thr riUf iif whi«'h H*r> <*« » |»*ii4 mill siht*'##*' di 

air ill rontiirt wiUi H.?* ^^iirfurri }« fm»ititii.inr.4 **1 t ' <* 

hi timlt’r that may lnh*- |.hif*i thr. hir.ni h* »4 

mondmi'liHl away ihr**m|^h il»* ta'i lli*' llinbf»r<w *4 ib»3 mr- « 

iDottji'iit fw /» fill* th*^ fitoit |*r’'rm«s-l *4 iiiii** tit, m 

iit Irmmrn^ thu html by iiiiil arm n 

II tii n I 1#I# Hii . ;m :ii| *||, 

ill I M I n f X j * di. 

. ir ^ill 

* • iHim »## 

TIiDi givwii k ■■ IKi'jy, f ■ |y, anil I f, 

tU wj’j ly 
ti! ' 73-111 K f, 

( I I limy writlrfi 

4^f 


mumTA 
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MIKt!KLI.ANI<X)US EXAMPLES AND EXEKCI8ES 


t)i«’ (if whic^h 

I'T 

or 


t - 
fa 


P 

2 

t . 

aB-68 


( 2 ) 


'fhi' form of the (Mjnation nhowa that the curvo giving the progress of the 
tbiokjH'HH witli tinu' in a paraiiola. But the actual conditions are not those of 
tho nt.noly flow of heat coutinuplattHl in Art. 140, and the result is only approxi- 

utaio. 

Witit tIuH proviHo, taking k and r with tho name values as above, then 
im)P .. t 


and by / tho MUcroHnivo valnoH 1, 2, 3 cm., we obtain for t values about 23, 

IK\ an«l «!b7 nnn. na the tiini'H of formation of those thicknesses. 

:i. What av(U'ago t'svtm in bunpeniture in a (diimnoy 136 ft. high would pro- 
dii«*o a pull int-'anurcd by I in, on the water gauge? 

Supponr tho hot giw in the ehinun^y to be at 0. and tho air outside at 0® 0. 
tf tlo' ‘H'l'tionnl area of the ehiinney Im taken as 1 sq. ft., then the weight of the 
♦ Honterbidanenut eolnnin of air outride is 135 x *0807 = 10*97 lb., and this is 
•■•pud t«» the wt’iglit of 135 (% ft. of air at r* C. + tho weight of ^ c. ft. of 
wafer, which is fc’i lb. 

(U)'H7 ■ f.'2) = 10-97 

T 246" 0. 

I, U a plate of iron 1 ft. wtuiin^ and 1 in. thick transmit 7*5 British thermal 
tMui'i fjwiijitd degrees Kahr.) jier inimite when the dilforenco between the tem- 
l*iuaini»a *4 iia MpjMwde fai'en is 1“ K., fmd the (amductivity on the Centigrade 
tsyrsietn in Cdb.H. nnita. (1 Ih. 453*5 grm.; 1 in. — 2*54 cm.) 

H 7'5 X I X 453'5 units; *- ra = g”; I = 2*54 

A (12 H 2'5ir’* ; 

whetKH! X* - *155. 

5, If we take r ifi the equation <‘f an i<h*al gas, pv = RT, to bo the volume of 
gi«nniie« of a of which the molecular weight ia m, show that R is the same 
far all and find value in C.Ci.H. unita, given that tho density of hydrogen 

ttl If i •. anil a prrwmr.’ of 1 megadyne stp cm. is *0895 grm. per litre. 

If. A evhndrical mAul ns! is lieatiTd from if C. to lOO" 0. If the linear expan- 
fiiNii of the r.»«l I« P Id ^ wimt is the iHsrtHUitagc increase of the surface of the 

f-iini f 

7. A t\mk 1 litre in cajwdty is cloat-Hl hy a cork through which passes 

fi »'#ipilliiry lull*-. The fta*k contains mnna mercury, and is filled up with water, 
wliiih i»i'iiipiri« iilm* |«rt of the tulH5, the t«m|Hiraturo Isiing 0" G. What must-be 
flip %a|iiiii.’ .4 llie mercury in orticr that, whtm the fcemiwraturo rises, the motion 
.4 Ilip leiimi III the ra|»dlary tutie may indieate the change of ^volume of the 
wftir.f I *4 evjmiision of mercury '00018, and of glass (linear) *000009. 

H, v\ piPi'r. Ilf sulphur weighs 50 grm. in air, and baa a volume of 25 c.cm. 
wliiui lilt. triii|«.raiiirii is 17“ il aiwl pressure 74 cm. What is its true wmght, the 
«|r4w.ity of mr Ivitig (grm. i>cr c,cm.) at 0*’ and 75 cm., the coefficient ot 

*4 air Iwifig ill* Mid the danaity of the brwa weights 8. 



MISCELLANEOUH EXAMPLES AND 
EX EIIOISES 


1. Specific Heat. Tlu^ iu«‘lluul imlinittHi in Art. 77 jh 
for ch'tt'rtniruJiM^ 

A Imll of platimuu, wliono uwvhh m ‘jim ^rtih, m (rmn a furniu's*, iin<l 

inimt'wul ill ir»() irnii. <»f watrr at D' i\ U wi’ t\tv watt^r t«t nain all 

tho boat whic’h iltt^ jilatinum h»wH, and if thr ti!n}»rrat nrr of fist’ uatn* rLa*H to 
tUy\ (lotormino tlio toin|«'mturf* »f t\w furnar*'. 

Tho HjuH'ilu' boat «»f |ilntimiin in cpoai. 

Lot «*' ( J, ht* tbo boat of lln* furniuH^; tbrn 

(1) Utnit gtvtni out by tbo twill in ooobnii from r t»* MU’, 

*iim X (. 1 - :U)) H ‘iLU. 

(2) Hoat abiorlHnl hy tbo wati’r Ib^J K MU; 

/, ( 1*2 X (.r :i(} | I arm. 

/. (V 2 j lilHiL 

f ra.v.H'c’. 


2. Find tbo nito at wbirh i«’o on a jitnid uill im-rrjpio m tbirkm ri wIh’M ibi* 
liir in contart with itn njt|M’r aurfaoo uiHtniatm d at i t* 

In onlor that frot’'/.ini» may taki- |»1afo tbo laiont brat of ht|m'far't«on mn«^l !«' 
t’omhmtod away through tho iro. Lot tho il»n'knr 4 i»j of iho irr tit any guru 
momont twi A thon for tho nmit atnall |M!.’riod of tun*’ #|f, diiriiin wlmdi a 
dl frw«i!«, tlin htmt omittod tiy unit aroa tn 


II - df K I K i»t7 X HO 7:i:ia dl. 

,% /M’Mil di Jl' K I X r K ^ X df. 

* 4r ;d/ 

"• 7 JKI(I tli *■ 


III 


Thwi ginm k *0022. r - !2, ami I 5 

tii *0022 X la 
ill 7 a*iiii X it 


'ocmoia, 


I^^pjiititm (I) limy ln.^ 


It 


• df idi 
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tb«' of which giv«‘H 


op 

1'hr I'upin of tlir oipinthm hIiowh that the ciivvo giving the progress of the 
thicku«An‘i with time in a pnnUiola. But the actual c.onditions are not those of 
the ritemiy flow of hrat i'outcmplahHl in Art. 140, and the result is only approxi- 

uinto. 

Witli thi'i proviHo, taking k and r with the, wanie valnoH as above, then 
lawi/" t 

and by givmi,: / the mtiveMaivt' valnoH 1, 2, Jl cm., we obtain for t values about 23, 
nw\ 2tt7 nun. im the tituoM of fonnation of thorns thickncHses. 

:i. What average eveem in hnupiwaturc in a chimney 130 ft. high would pro- 
dttei’ a poll iueiVHUfed l»y I in. t>n the water gauge'/ 

Hnp|He*»i th»' hot gaa in the ehinun^y to he at r” (1. and the air outside at 0° 0. 
If fhe .Hert tonal area of the chiuun\v taken an 1 stp ft., tlnm the weight of the 
eottnterhahusctng etdninn of nir otitmdc ia 13B x 0807 10*97 lb., and this is 
e.ptal to the wetght of Ultl c, ft. of uir at. r” 0. + the weight of ^ c. ft. of 
wat*'!’, which in fc2 Ih, 

(1(1117 .'■•2) ^1 + ^ 

T 2'IB'’ C. 

i. If a jilatr of tron I ft. »«junre ami 1 in. thick transmit 7*5 British thermal 
niui j Ijwaind degm^i Kidtr.) l«a‘ tninuitt when the diOtercnce l)etweon the tern- 
|M taini«’n of »f» oppintte fwen is 1" K., fmd the conductivity on the Centigrade 
r»y(iteni »n nttila, (I Ih, 'ITtU'd grm.; I in. ; ■ 2*%44 cm.) 

H 7‘U >: I Vi" hMHlunitH; ti 5”; I -- 2*54 

A 

%\ lienee A‘ d f>5. 

If we take r *n the injuation of an ich*al gas, pv - HT, to be the volume of 
m gtatniiiea of a of winch the nndecnlnr weight is wr, shew that li is the same 
for all ami find iN viihm in t'.C.S. niuta, given that the density of hydrogen 

ill ti" i ^ send a |irevnire of I iimgadyne |kt h<|. cm. m ‘0H90 grm. per litre. 

*1. A ryluidiieal »«4pi rml m Imal^Hl from 0“ tl to 100" C. If the linear expan- 
murn of tho r*«l m p Iti A wimt %n the jH'nH'ntage inercasc of the surface of the 

fi»4 f 

A glawc fki4 I litre in capacity is cloned hy a cork through which passes 
« *n|«illftry IoUl 1*h*’ fhi»k coiitama amim mcnniry, imd is filled up with water, 
wliirli orrtipir* part «d the tul»’» Uic tmiipcratwrc iHiing 0" 0, What must be 
ilir loliisnr ,4 ilo’ iiwnniiy in **nlcr that, when the fccmfKjraturc rises, the motion 
of the ininid in the capilliiry tula’ may iiuliimUt the change of volume of the 
wrtiri ? t W4tmrui of r%pam»mii of timnniry -00018, and of glass (linear) *000009. 

A |»lr4"P of ftiilpltnr wpigim 50 grm. in air, and hiw a volume of 25 c.cm. 

,1... ,» U' t ‘, M«l 74 cm. What in its true wwght, the 

ifpiistif III Air iWl’iP Cgrm. |»er c.cm.) at 0" and 70 cm., the coemcient of 

»»f aif f||» atnl th« density of the hnm weighte 8. 

I* 7^3 I 


( 2 ) 


, kr 
' 3fi*fi8‘ 


27 
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The cliffc‘r«nc6 Iwfcwatm tht^ upthruntH in th«^ wi^ghfc tif !H*7f» t%{ lur, whit*h 

at 17" anti 74 tnti, in *02’il grm. 

9. A at tlw 

atiKKiHplu'i'ic pn^HHurfi of 7tH> nmi. of niomiry \n hnaml t«* ll»tr (*. at ri»n»iiiiit 
proBHuro. Kintl tho vttlmno of givn ox|h 41«^1 iiioiwitiroil iit H' (\ au*! I’lKi iijm. 
proH«uro, if tlio oooflloionfc of oxiHumion t»f hyiir«»i 4 ;oH luol ilnil <4 mldu. 

10, If I gruL c»f watrr o^tpaiuln hy '0|i|H iM-m. on loitl muhru Hi} 

(!alt»rioHt oaltnilttto tho lioat of a milwlaiioo, In gnu. ..f %Uuf'li, wlii’U mfro- 

(huuil intt) a liunmni’a oalorimotor at a of Our r , pr»«lt}r«’! » |•^^ulrttl'! 

ti«»n r»f 70 o.min. 

n. In a (tott'rmitiatitm of va|Kmr tioitHtty Oy Vot.ir \Iryrr‘« uirEltHif tlto 
following ({niuititioa wvrv olitiuiitnl: weight of li«|uut, ‘IIO gnu-, vMlutn*' of lyr 
tlrivon oil, li.H f.ctn.; tfnn|H»rainro t»f ’ C’, ; lo-ighl of ntrn uty m nurwuirnig 

tnlm alH»vo fmi anrfaoo, f» oin. : hoighi of Utroinrior, lU *-in. t’tilrul^ilr vitpotir 
(loUHity of tho Hulwtanoo uhihI. 

12. A jaokotod vohhoI roniaiii.n a li«|tn»l tn wluoh a :»|nriil of \,v»rri isusi$or«i^d. 
An EM.F. of 20 volta ia appliod |»» tho »«f th*^ »in*l a mrroitt of 

2 ftm|H}roM through it. *• grin, of thr |h|iiii| ato iwulnl a^ny nvory 

miimto aftt'r aOwly iMuling Uogttiu What in iho laloni luiai *»f i'a|«»rn.mtioii 
of tho litfuitl I 

1*1. A cyliiitlor of 10 litrot* iniortml volumo »*oiitii}n?i at a prr-n.nufo of icio 
tttrntwphort’M, whioh in allowed to nh»wly into ih*’ air, fh*’ triu|«^rAliirr of 

fcho rylindor roinaining c'otintanf . Kind tho hrat 

14, K3«|»iain Imw tho fu«»ng j»»4ni» of undrr |irrt»..ttutf- ih'|«<'.isd ii|«tn tlndr 

voluttioH in tin* li«itn«l and in fho «*»lid nUtU'-. U liai i‘»d«iu»ii ihr**-* «'h»ti||$tw, 
to thn tlynannral thoory of hoatj ami whal rt^mdii^ion-^ may la* draivn !«♦ iho 
ftdalitm tho latont hoat of fnaion and tho trm|»riilurv of immn ^ 

15. With what vidmdty mmt a tiiaa^ of roal uotilainiiig 71* |**'r of 

1hi moving, in ordor that ita knirtm oimrgy may o«|sial fho nirriiy hy tt« 

ootnhuMfcion I 

IB. A t'ortain iH’iiduIum la ilfrCl^l nr long &,% u" t*, «ii4 »!,»» iifiin of %ihralsi»n 
k *9047 mn\i at 40’* C'. it.*i tiiim of vihration i*» 'inr-o ««•.*■ Find ih*^ »-*»*dtirif»ni of 
oxpanaitm of tlm nndiil 

17. Fiinl lhi» riito al wdmdi a |ot of hydr»*gon mii«t hum m air that llm pnorgy 
dfiVi4o|a»d limy wjijivalont to I ImratJ |«iwor^ 

IS, A utility of mt at aiiii»a|4torn* pfr^iifo m loirtiprriwwl hy ihc «! .iin 

nngimr awl m hoatwl Ihofidiy, It i» alitTwrariik *'r«4r<«l i#i na 

toriiiafmtyro l#»fori'* «*om|»rra?»i«n, and i» thon r%|«and«l wink WIiph 

it again affivruat Iho |irr'»i,*itiro of tho altno^plmfs* i| i» iiiii«'^n*rdy r^*’!ld, and ttiny lip 
ip«l for ridrifomfirig pnrj«»«'*i K«|4aMi thr«* r**»uli« a-r-r-.udin.|| «« thr puiu spki 
of tliormi«tyimiiiir«, Why m it an mk-atitago i*» rairw, ihr. ^ir i« 4» n'lolo 

fi*|»inih«iff 

IP. Tliii fmk« of Ii»a an ama of y|ri mik* it ih W. 

fm»« to a tfo|illi «f i ifi. What i« llm wr.ighi *«! ih*? ic-p i IFimf iit«< i» «*. rl mm 
done ittt the atmimiitiorv thiniig iho mnifijkimnf flow- titan t noir- i,f i r»! .%r|p 
givoti oiil ill fmmltif f llfiw many l<itni of r*tal a-imld mrli il*r, » 

|1 I*, ft, Ilf walisf wpigim ^ Ik | o, f|, ««f %»ai«r I . fi .4 t>r 

This tsififliiwtiim ni I III. Ill r«a| ymld« d«gr«'« if Vniij##.lt i ‘4* ti,d»f'd 

atitiW|ihoriii |iw»wm 211*1 1 h, fior ««|, lt.| 

20, flow MAiiy kil**fratii^wt»|ppi «| wmk mmi km d«ti» | kg, 
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I'^XAMPLES AND EXERCISES 


, I V ■ • >« by a current supplied by a dynamo 

,vh..«. IH) ,K,r cnt. wlm-h ie driven by an engine whose efficiency 

... i«j ......t and wh.>Hc h.p. m 20, find the time taken in the operation. 

,1 a ,»m„d water at O" i» („) warmed to 100“; (i) evaporated at 

lit ‘ ’ !" ", "■ “f vajHiur; (d) deposited as hoar frost at 0 “. 

Wliilt w ihv rrhium iho hmt taktni in during operations a and b, and 

tliiil till! in oprrati.uw o mxt\ d, aHsmnirig that the latent heat of sublimation 
in tlw Iitini uf i\m liihnit, \w\m of lupiefiuition and vaporization at the same 
iriiipnattirr r 

tho t|niui(ity of onorgy rotpiirt'd to raiso 1 grm. of hydrogen from O'" to 
|if«i fii i*tun»fnnt prnmuro m oinployod in propelling a bullet from a gun. If the 
«»f I hi' bnlh't Ih' ha grm., hn<l iu volodty. 

hravy hlm'kn of (oaoh weighing 200 lb.) are arranged as bobs 

of pi fjiluUinin a ff, long; thoy are HUH|M'ndtHl aide by side, ho that they can swing 
III ihf" ,nrtinr‘ and that when at rent the bobs just touch at A. The blocks 

»ro thon m^immunl an far a« |wi»hihK the jumdulum rods being horizontal. A 
Iratl 1*01101 |t m.) w plartHi at A, luul the blcwks are simultaneously freed. They 
«'ry«h ihr hnlh't, luul rolwuind through a third of a quadrant. The bullet 
f»IU into a \rnm'\ rontaining | Ih. of water, and there is a rise of temperature in 
tli«^ luitrr of |i di^grrrn Kahronlu'it. (kUniliito the mechanical equivalent of heat; 
n»Milr* t I III' hofiiuig rffrrt m the Iwilia, and the energy of the sound produced. 

hrrtl of Irttd ’ 0^,1 

|,Hnl»trrt«iinLi ih*’ energy nf the rolwiund, the portion of the energy of the 
whu h in c’onvertdiHl into heat in the impact is that acquired by a 
inwnii of -piti III %iihjrh haw fallen through H '\/3 ft. This is the equivalent of the 
rnrigy by iho waU^r anti the lead.) 


LuMHiK t^NIVKIbSITY EXAMINATION PAPERS 

Pmliminary Scientific 

?| What liiraiit the ntateinont that the “latent heat of steam is 536”? 

m IWf grin. f»f wat^^r at 15*' in a oalorimeter. If the mass 

,tf flip wAirr III i|»» mloniiieter la» hy this means imwastd to 110 grm., find the 
final wipfiiwmg tm hmt to have hmn lost, and that the heat taken 

III fiwy I**’ fteglwteil. 

'if. Whti I a hy the ftfmt'dmd af hmt I How much will the 

sif * fortii I**-' fMmni hy going Up a flight t»f steps BO ft high, supposing 
li*lf ilip he tiora m »|«»nt as hisat and that the sptioific heat of his 

|»^|y tn iiliiil' ? 

'ill lir.flop ’'s|«vifle hrat". ami alato Imw it m meanwred for any substance 
hf Ilir^ »4 wiiHirwi. explaining r«u*efully how the quantity calculated 

Iftiiii ilw. m rmWy the s|ioeiflr heat m defined. 

iltr wpighl of dry air in a rtaim 20 X 10 X 2 m. when the 
ImmimM mUtmU *f 7# ri«., and the tVntigmde thermometer at 15®. If the 
|»,r**in«i»f *i ri and tin* thermom«t«r at 25*' 0., what weight of air 

Wwiild til® r^»titein ? 

3.i. If a fpirw ill kih»gTam-m«tr«aof work pruicoad for 5 hours each day, 
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how mtioh at l«aat of oats pt*r wook muni ho oat to t'lirry-y for thi» work if 

tho comboKtion t)f 1 gn«. of oatn wcmhi warm 10 k||. of watr-r I (M 

29. DiHoriininiito tho gcsiioml projMTtioa of atihtb, liquola. aiiii gtmm. What ia 
tho clifforonoo iK^twoon a vory noft mUiO aiul a vory stiff Ii«|iu4 I What in tim 
diffonmoo hotwoon a gw atui a va|Hnir/ 

*10. What |)ro|M>rtitm havo lujuida and gaaon in roin»non» and wdiat iJfoiw^rtiiw 
diMcnniinato thorn from oaoh othor? What «h> yon nnilrrfnand l»y tin* lorm 
**t>orf«ot. ga«*'l 1 grin, of Mudi a gaa at 27 ' (•. ha« tho nrr?i?mro «oi »t hidvod. 
and is tlnm omdorl until it nompioa tho Hiuno Viihinio w at tlrni. Wdiat la it4i flmd 
tomporatnro I 

JiL A tlH^rmornotor in ro<jnir*’<l to havo a rang*’ of llii'; lonv nmrh groalor 
must tht» oapiwnty of tho Imlb Im than tliat of tho ati-m/ Tlw uppaivnt roofflriont 
of ox|w«mion of tnomiry in glaKa ia HlOOlfa What w inoatrl by iho api^kroiit ro- 
iiffioiont of ojipanwion t»f in**nnjry in gla^? 

32. Doflno fonduotirtg |K»w»»r for boat, if tho t^ondiirlmg |»«»wor of a wmdh^ti 

fahriti ho *000122 nnitH, oalonlnto Ifjo hoat lof^t pi*r iiannto |ior ?^|Uttro 

motw of tho MurfiMw of tho Uwly of a n»an. who**? ?*nrfaro tioiipf’ratnro tn IW‘ 
whtin tho oxtornid air in at fb (?., and wii*m tho tluokn»"»n o|*4h8ii;i| w 3 tnin. 
What nnndmr «»f kilogram- mot roa of morgy thw's thm rr|»t’o»»isiJ 

33. Uofitio work and kinotio onorgy. A man ptittiitg a Ifl lb. r4o*t *foltvoi*ii it 
with a volority of tIO ft. |Hir MoromI ; oahndato tho work ho thw’ii ti|«»n it in fool- 
|.KnmdH. if in ortlor to pnalnoi^ this volmniy ho apply » mubn’in lorrr t«i tho 
mww for a dwtantm of 3 ft., what in tho magnilmlo of iho f»»rro itt |»*»mtdai»i I 

34. Ditw^rilHi tmrtdnlly how to moaanro iho rooftimoiit of a with lom|»«’rtilnf«, 
If this oiwitihnont roforrotl to O' f*. worn ’0it29b i^alr-nlaio ihr volnsno ih«l PiOO 
r.tnn. of thia ga« at 100 " t!, would iwmpy if tho toiniiorainr*^ woro raw-d to doti" t!,, 
tho proamiro rttmaining rormtant. 

3f>. Ihwrila* how to rom|«ifo tho radiating |»*w*ntt of for io’iit ; and 

how riidiatioM, oonduotitm, ami ronvooiion rr^iK-rottvidy ar*- m r»*«»!»ng a 

lawly iix|Hinwd to tho air, t’oiiHidor w|**n’iaUy tho ram-a »»f a biiglil iiiPiAl |i«.i, and 
tho Mttm tightly oovonal with a ainglo ooat of ehin liaiimd. 

Int©rmicllatt Sclf^nc#: PA»i and HiHiritiri 

S8. Whim t4im|a»mtnrf« am osEprr-iw'd *♦« tho tlir? lai^iit hrat 

Ctf fniion of iw in roprimpiitisl by MK amt tlm fiiriliann'-al r«|iii¥#|r.ni *4 lirat by 
42*l'9 fmotro grainm»b Ktcpm^s tho «anio i»n ihti |»*iilifrtiliPii aip| 

oMpkin why on« m rupro^niis*! by a larger amt ilm otli*ir by * ntoallur titiiji!w--r, 

37. K^plaiii oarofidly tho aiamtnoiii that itm l«mnl br.«i i»| fnaioti *»| |r:v lit 
30, Wliat i« th« nnit in lortim *4 whudi lat^^nl h*-af m iio’aftorr-t| ? ‘|’r*r-*^ lliti 
t’hangtm in tho lompraltirf» ami vobittif^ of I kg. *4 irv «i t„ %iiiir|| ||p*i 

m applitfti until it i« 4'onvtirir.d into mtmtn. 

33, At iho »*adiivol tho is^rowmmr nimah at nmi,, and i|o> iriii|»f:i'4itirr m 
7** Cl., wlhio on tlio top of » tnontitaiii tho l«arofn*imr »i mu mmi-., «iiii ih» 

t«m|»«raiiirt.j k -'13*’ tl ; intnimro iho woighi* of « ri»bi»‘ io«>ifr. t4 i*,ir in ili*’ tw** 
plixa*. 

39, A ma* of 200 grm. of win^ lw'«i » i» Iiri«i«5ii §« 

100"’ O,, and pla^tMi in |tl0 grin, of nh^ihol al C' , roiii#iiiris| m » r«i|t|*«f rmbci* 

mtior wlims !!»« k gritt., and llm i«5iiiji«^ra|tiro nw 1*1 ’jit*" t?. Itiid ili# 
l|)®«feo irf 
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, f *" “ thermopile, and the needle of its 

,« to mow. |),^,.ribe as fully as you can what is going on. 
■11. .luant.ly „ ordmary damp air under pressure is suddenly allowed to 
I >v'M‘nhv wlmt hupinniH, ami show what has become of the energy of the 

rMin|*rr^vn«Hi air. 

l'.’, Ii.-...-rd.n how to moiiNure the maximum pressure of aqueous vapour at 
Mirt.oei t.-mporntiiivH. Would it, he possihle to use any kind of vapour as the 
ju a thcnnom«'tor? If bo, how? 

in. Ih-imv i'uucltuiivtty for boat, and hIiow how the fundamental units of 
IruKili. iiiH’iH, nnil tniu' tuitrr intn itH nuinorioal Hpocification. 

1 1. U hn! iH knn\\»i fitMuit tho latt'nt heat of vaporization of water at different 

|rfSj|n-r*lf Him ? 

If rt Utilrr rri«>ivrM lUklHHI \uiitH of boat jwir minute through every square 
mi ll, ,4 lU lifrUi\ Hurfm’o, tho ttdal mirfaoo being f» wj. m.; and if its temperature 
I |t» r. \Uidt' It m f'od with comhmKf'r water at 45^^; what weight of steam 
u.mld v-n roguhirly draw off per hour? The latent heat of 

»»f wttti’r at l Ut" (’, (k f»0lh 

i;. A liuiu hu wrigiin tilH lb. walkn up a mountain path at a slope of 30” to 
ibr bMii»’'.iu Ht th*' iat«» of I milo por hour. (Jomparo his rate of working in 
rtiMini-: lioi Ui igbl with a horMo 

bl, Ifrnriilw’ htiw fufuimtmi thmuomotors are made. Sketch an ordinary 
i biio ill ilo’riuMUiotrr, nnd luoution itn principal h^aturos. 

fi* luiin unn tbr t’lfoila of varying tomiH^rnturc on the rate of a (jlock or watch. 
I*' I plain boiv I biMUMiooirrn art* coirntructed ho as to keiep accurate time in spite of 

* h'rtin.*»’« of t«’fuprrafuri% 

tH UrtdoiiiMU low long boi’H fulling on a slab with blackened surface, each 
#|nai* »|» >no« tio *4 who h alwoilm 10*000 crgH per second; and the energy is 
Uaionustird {.• u bark nurbwr half a eontimetre diHtfUit, where it is removed by 
watri What ifrudy iblforetiiv of tmnjHTatun'i must exist between the two 
hnsfio* ?! *4 fit*' nbib if Utt r«mduc*livtty in *02 O.CJ.H. unit? 

I!» Hmw MUi )Mn piitve rv|K'rtmontally that, heat is absorbed when a solid 
ior|i,?i I In u noihtiii for nn'auuring how much heat is alisorbed during the 


tio Il!i 8 g >4 fi ,4 

;.n iljr pjuo'ipul pbemmmna of thermti’clectricity, and sketch a 

ihrrnvqnlo. nbow ing bow if« parfa an^ arrimgiHl, 

t> I tian* *, nrr |•»•.|l»nallv mm\ to iviwHew two Hpeciflc heats. Is there any reason 
n.j iiisfi fsM!i. and if i»»», ’abut m ill A quantity of air is heated, and by 

flir prmanrr n|«*ii It. it m allowed to expand 1 percent of its volume 
at M' I* iMt .nriv inriru^*’ t4 tompcruturo of r‘ 0. Hhow how its specific heat 
otr.l.*'.t , -odiioow may U' <!etormim-tb ami state whether it is greater or less 

liiaii iia iis*’ Israf Ilf runMant pnmmiro. 

; ',f U i,ai 01 , an! iy tbo ntafrim^nt that the thermal conductivity of iron is 
*; I ’I* :h iiiisi ; lin.-ii un iron Uir U m. long and 2‘f> cm. wjuare in section, 
drfH t inlH ito’ «'.i|«^uni«’nm ne<’«^ry t<* determine its thermal conductivity. 

iliai rold iron eomlucta In^tter than hot iron? 
r.:i |»-rfiiir. ihr. imiw ” Work “ ami “energy", and calculate in foot-pounds the 
w,.tA floiip ..ii ii l.iillri mI I on, which h’itvw the mu«le of a gun with a velocity 
,4 If |,'.f If rhe gun Imrrel l»e 3 a. long, hud the average pressure 

III! ln»||r-i. 

W'lwi *|w y»,ii Miiihrataml by th@ tiimensnms of a physical quantity m terms 
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of length, and time? Find tht^ numlit-r of «lyni« in tln^ fraw wlni«li, arting 
on 1 nwt. for 1 rnin., prtMlnooH a voliHnty «>f I nulo |«ir hour, | l ft. ■ . rm.^ 
and 1 U>. ' 453 gmu] 

55. Doaorthfi oarofnlly how to tnoiiatiro tho gravity of a gaii or Vfi|Ktnr 

hy Dutttfw* tnothod. 

56. Find the ratio of ajandtlo htmta of a giw fr«»m the folluwsng tlata: . A fltwlc 

of 10 litroH oapaoity woighii, when oHhinwtrth l6Ct gtitt.; lillrii with tlio gaa at a 
proMHtiro of 75 rtn. <»f tnoroury it vvoigim 16H grtit, ’riio rohmin of iho wlnrh, 
at tho aarno ton)|M<mti»rt' aw tho wmghing, in a tid«» tdotuni iit nn«* ro!i|»i»iid« 

boat to a fork of •J'iJi'd vlhmtionw jw’r worond. in 5ti rni. 

57. H'ow ran tho {Irnnity of a waturatod vii.|i«mr l*o ih’trrnnnrd I What aro tln^ 
ditflcultioa of thin di'torniitmtioiu atnl Itow ran thoy 1«» avmdrtl ! 

5H. Fxplain fcho theory of ostehaiigew in radiation, and provo fr»»tn if ihftt the 
radiating and aliworlhng |MtworM of any »nli«itan«'o are r-iinal. Htiikir dofiintrly 
what ift meant hy “radiating |Miwer'‘. aial whow how far ti m r**iine»’ifi| with 
refloefcing jMiwer anti trammutting |H»wer. 

fdh A mereiiry thermometer at 0” Ck i’oiitaiii*4 e,ein. *4 iiir-rrnry, anrl the 
diHtanoo laitween this flxrsil |«d«ti4 i« 30 em, (‘ahmlaie the ds#irnei,«*r *4 the tid»e 
at 0“ (I, given ooeflhiient t4 enhieal enpafiaton of merenry 110111 w, imd §4 glawa 

•ouaan. 

60. Uefhm the metshanieal nini valent of heat, aii*i eiidam h«»w it ran tse 

determined eseiHirimenlally, Water at 15" t*. and Hnki aini»»|4iefi*« prr?i,*inre w 
imwwH'l through a |wmmw plug, and at iiiiiioapherie prru^itre. f*a|«nikte 

th« t 4 »mfH«ratur« of the eaeapiiig water, given I ainpwphf«ft5 In® #|yiir« |wr asp 
cm. and rmn’lmniml wpii valent «sf heat ■' l*'f n H6 erg«, 

6L Kxplain eareftdly how the latent heat of evaiwiraiien e| a loitiol, ftneh iw 
aknhoh may 1»» diit^irminiwl, 

62, IhwrilM^* how en;|»efiment4 may Ui made i*» ftiea»nre ihn pf**|»»'-riy i4 »i4id« 
of n»fltwiting, alwirlntig, and tranwmilting ladiani he«i> 

68, Ihsw.jnlio how tn the weight therm»»meier f»‘r ilo> iiO'a?*ur»uti*’nt of 
tem|'»«ratnro. 

64, Ih^aorilM'i ii5«|Nprimenta made to det«^rnune the »4 from 

1kiyle‘M law. 

65, Explain the i4fe«’t« ronveetnsii in pfswitinng regtiUr aliiowpherie r-itr- 
rent«, »urh aa trwie winda, 

fill, Btit.e the mnriwtion |p?twwri the pr*iwinre, voliinte, aii*l l»in|w^niiiif« I V-nir 
griyhi of ft gan, wid PM|4ain how the aW»|»ie tem|*rfal*ire ifi«y l»:» tlidhieil 

67, A ImmriiPtrr Itilie flipping ini#* a mmetify re^'fvoir * mitUm-' of mf 

and »tnratwl vaiKinr abive « rohtmn *4 meretiry whodi m ?ci *- 10 , iit*, |®|p| 

in the wmervnir, the aimofipherie pre«»nre Isetng 7<l em. Wlt»i 1 * ilio liK-jglii of 

thfi fimtvnry roltittifi when the tnlie la i|e|»rw»m| m% m i*» ili» 

o«ii»tipiw! Iiy the air to one- half tf» ftrigmal value, the pfr^wure .4 ilt» 
va|iinir taking lf» piti, 

61, What k tiieatit hy a *mle *4 l»«i|»rmlnm and on wlmi d**'» llip 

of any |»rtiptikr i*ml« defieml f hkfdaiit mi^^fnlSy the rf»i»ini«4ioii #ii*i «f 
ftidJttjfi «f mmu* liiftti of rtifialaril prrtwiire air fhertittiineler 

ill. Ihiw fiaii it la* iliowfi eti*eriniemallv lhai lie'* f|,.m * |„4 

hfidj tlio «fi« law# i*! »i«l r«fr^-*-lion m ligiti t 

Id. A Ilia* Ilf 2t)<l grtiv of ei*p|»er i«p. htrai tii| m liuwg in # rhwf rliminlwf 
ft teiti|»mtiir« tif till F. k ilmti ai ilie «ifii«fc|f|ipric 
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pn'Miiiv. ( Vl.'iilftto tlw tnuKH of Wiitor condomod by tho copper. The latent 
linu of „f Wiitor at KKI" C. ia filiO in O.G.S. unite. 

7 1 , 1 1. m-rilH. .•»jH.rimrnta to ilhmtrato diflumon of liquids. How can diffusion 
t- ,-Mdam.d on th,. molo>ular thoory, and how would you expect the rate of 

it« vary wtili th** 

ti„. .-onan.'livity for lioat of a HubBtanoo, and explain how it can 

utrstnitrU ft»r li lil«» doppor. 

v;i !t.tw tho ooollioitmt of alwolutd expansion of mercury with rise 

mI f luay t«’ hmntl. 

, 1 I' u.d Ibi- uiiiol»-r of riiliiu foi't in a Htool Ijottlo to hold at 120 atmospheres 
|.|. ...oir, wboii il... I, i 0 |»'nimn. iH 25" ()., 20 c. ft. of oxygen under normal 

i.'s ^kftrh iUv rnrv 0 tho law connoctinjir the temperature at which 

I U.il-j iui«i thd’ prvBmire. What in the efftu't of adding salt to the water? 

# Si \\ hiit th»’ t»|4ior«*uhtl ntaio of a lispiid? Why can li(][uid oxygen be 
|M.uirt| Mil ih« httJoi wjth unpuiiilyl 

H it a fort'o of 2<UH)0 kg. per 8(j. cm. to produce a 1-per-cent 

dsiatsissIsMfi mI l.'UKih m an iron tmr. whnt f(»rco would it rcsiuire to prevent a bar 
H » m. l\ I in w»»h% and 2 cm, doop from expanding lengthways when raised 

;.M!i t* »u t«-ni|M-'rai»iro I 

, H Ih^nrtiU’^ rnridtdly how U* Jiiiiks’ I’XjM’rimmitH on tho mechanical equivalent 
,4 IsB iii liv «4«rrvin|* ih** hoal pri»<ltn*od when a rndwtanco is deformed beyond its 
>4 « hifliiMfy. Hovv iiiiieh heat would you (expect to get out of the energy 
iSs a tlui hundredweight hloek hung by two parallel strings, each 20 ft. 
Imsic, and f>|f»nf*'-d at 4(1' wdth ths* vtirtiml'f 

the I'Huditnuis that determine the temiKsrature of the wet bulb of 
A wri and drv 5ailh hvbtniuieter. (Ittleulate the hygro metric state of the air from 
llo'- tng data . 

At f ual tom|w’ralure . 14‘5®. 

f. injwrAlme at whirh dt'W apjamrs ... 9'2‘’. 

VapHin teinunn »»f wfitef lit 5" '0087 atmosphere. 

at 10' '0122 „ 

nt \y *0169 

hdpksii riarily what you mmn hy “hygrmnetrie state”, and why the number 

It'lio h gH"*'' It, 

mi liriM/t'iiw all r»|fNsiriment. to eumjiare the S|>eaific heats of two liquids by 
ihr. n»rilo.d of ,'.t.4iUi|. hUplrtiii how a variation of specific heat of one of them 

Vi- Ills Ir-iiiiw-'ralurr. wmoI*! the rrsnit. 

si h*.w tM r%|ifirimontally the existenetiof a neutral temperature 

III ilir. rw *4 r«.p|»f-r aud imu, awl h»w tn find it. 

B.Sc. Examirmtiort 

*r.f I Ilk!*-- ih*^ WMi'k dono during mlialmtie to infinity of a given 

-ttliiJi »• iiiilially under auwwiarti oondiiiens of temperature and pres- 


» i |■'’su4 nu»d«’r *4 watl« in \ h.p.. given 1 ft « 80*48 cm.; 1 lb. » 468*6 

rff fll ii -- * til ... 

' o-*l w i.4d al iW rato uf 4*f, fair kilowatt-hour. The mechanical 

.4 i).» b«»i fc-.v... by th.. bumilig of oofcl worth 4(i. i« 10« foot-pounds. 
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j »iiil T!»*»tii«*ti Oil ilii* i»w 

88. D^t* M** wbl'it^r.^ w .h* •»■•**»» 'O-***-'" •« 

of ti«m« tlinaiKh a imuiM" l•'**«■ '' ‘ , 

till. nmUMfl* m»w ««wl h.r u,* ,^«rtn.' h««i •■! •<•«»"*»«* •«««» 

89 . Wlmi i»m««t »-y ih- «.*.»•***"*» 

at too* 0. w ,1.. .«» 1-**. 4i..» iba. >l>» »«•*>• •••*’*■' '•* ' '••*>«*»*« 

AiwnninB Ik** awm olwy* _ , i,tiw«iiro l*. ih® •■•hniw of 

tlw ¥i>Um® nf 1 ««**■ ••' •* „ ion* 1 .. im.r® Ihati to 

In .-*«•.«•*•- •;•; '■* 

|«lp rif tli» iliwifiP I ll^ Mfwwwi.. 

tZK>» «*.«i**— •» ’« .•o»‘ “* •“ *'••*•""■ *"*’ 

Wttly. «.«. •» Mf.*!' II *r'^**^ ^ Jlmfflirti **■ •" »•••’ •**•’* ‘**‘“'*’*’ *'* '■' 

|.tt.11M»l «f M***.***! »»»<«•**“**■ , ,«d. iS,«w ... '») '•!»'-■ *»*" 

WJI, Htal® lUn »*.' !**• I- ./«««•*’■ J**''"' 

rhmw '** *»“**"« I*’*"' "* •• f I-. 

uw »» *'* «»'» ^ •••■••.■ *•■ 

»i. |'hi*Brtl» *»•» ik® Wtonl _ _ ^ ; ~ 

«twiaw.-.l. U •wy»l««*8 •»*»»•» "* l«ii|»»»w- ** 

ti*i» w 
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IKk rlrurly wbat in !n«'ant by the reverse action of a heat engine; and 

drHi iiU' fully tb»‘ vatiutiH actiuna that would occur if an ordinary steam engine 
wrr*' i‘* iti thi.^ m-iwu n' verm.nl. Define the efficiency of an engine, and show 
«Ji»t f«*r a revi’nuhl** rogjne the elhch'ucy is a maximum. 

l<i». \V|»i4f m iiu’aut by tiu* critical temperature of a liquid? Draw a series of 
sn.itlimiml’ii f*'r nniu»' mtljatance, Hucin m COa» and explain your diagram. 

Hmw in tlu' iliffcrtUHn’ ill lietwecu the material in two closed tubes at the 
ftsi,iiu’ i»usi|M( lidun*. one hall lull of liquid anil the ether a quarter full, exhibited on 
tlir dui.|.tr»uii ‘ 

]f(. \ b p. non conib'nning lUigine ia Hupplied with steam at a temperature 
Ml IbM i nnd ri'quircH 120 lb. of coal jht hour; a 10-h.p. engine is supplied with 
rU^iuH at a fi’titpi riitur*' of MO" t'., and rinpures 61 lb. of coal per hour. Taking 
mt»* t nunub ri4t{Hn ib»^ i»iTatcHt attainable efficiency of each engine, determine 

ttlioh nutf*’ inniriy jH^rfcct. 

p.M Iirniiibr' r'i|H*ninenM giving accurate relations between the volume and 
pirwuirr I.f a gips at t^onnlant tenqH'rature. Htato the results, and show how they 
us'c rtpbMnrd ufi the kinetic theory, 

pp Uvnvti\m a tnctlHwl of determining the thennal conductivity of a metal, 
i»iatiiig Urn prreautmnM that are necemiary. 

ifio Whttt in meant by a revermble lieat engine? Discuss the efficiency of 
mi. h an rnginr, and nhow how to ilevelop therefrom the conception of an absolute 

ft* ah- of |iun|»«>raf nr«‘, 

|n| may the e^jamaion of a crystal lie measured? What are its prin- 

rtpal *4 e ^pair^iou f If the expannioiw along the principal axes bo represented 
by i|.r nmiiM m .1. t. anti f., hml that along a line ctpudly inclined to the axes. 

in;,? lnr»,nlM* imiilnwiti of mimauring the two specific heats of a gas. 


bUplain why t|ir*y differ, ^ ^ ^ • • i 

I il l Dr%» riM’ the U»h»tnotor, anti exjdidn how it is used in determining the 
s,,dii!e.i. ftpr. Iriiin M a Imt Unly. Indicate hy a diagram what you would expect 

j| thr )«>«'d¥ Itcl’tl'* *'f4aa'*k. * Htel idHlUt 1(K)0 ( ■-, 

|o| lirdn.r. iiMvIe'fi law frfUn the kinittic theory of gases, and show how the 

llir.iry r.ipUm« Ibo d*n-iaU«»n«from thiMaw. ^ ^ r 

pr, lir». a m*4h««l of determining tlm ratio between the speomc heats ot 
* «i r,m.iani pre«ure and emmtant volume. Would you expect this ratio to 
Bimplo f«tr eomples molecules! 

pill |ir* 1 , 1 -^ p.|.*-tmieutii tt‘ Hhow the effect of iircsHuro on the melting-point 
mI ft ^nd Ihe theory of the subject. 

bb' lira. fiU^ « mrih.Hl III of nmintaining a InKly at a constant temperature, 

rj, .4 r.niiooe*o4v r^r^rding a varying ^ ^ 

K.J.U... Ii.r t.,rn. 1/ mmn md dotennme its v.^ue for the 

«},» ,..Vfc-r« «i «r (■ lr..m til.- f..U.>win« (i«,ta:~ 

I r rm fti V. and mm. procure weighs 00144 grm. 
tiriialiy of inmniry ■■■■■■■ b*b6 gt’m, o. cm, 

Awlrmimi Ilf gravity .a 981 
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BOARD OF EDUCATION EXAMINATION PAI»ERS 

Stage Two, t909 

1. Ddft0rif» how you would dot<»n«inii th«’ himt of of a i^ivon mlt i 

wator. How (Icr’H tho sjKHufio boat of tho wdtitiou affoot I ho ohtiuuwlf 

2, How dooH frho amount of boat iwliatrRi by ii bKly in mma vary with it 
t«m|-w^mturo, fcho tonijK^mtttro of tbo »urrotindir%m Ikuuk ko|»t vimntmii ? C^4»m|Mif 
tho amounte of boat hmt iwr aotamd by a t««ly at ^27' t’. lira! at 127" Cl in a 
ovaouattal whioh is kopt at 27 ’ (I 

5. Explain why tho wator on jutssiiig ovrr a wati^rfaH hitii its toniporiittir 

altomi If wator is divortfs! from tho fall, lunl in workinif a turbin 

or wator-whool, would you oxjHH’t tho iiatno altomtion in lom|»«frtttur«» t«* isHnir i 
tho wator? 

4. DosoHIhi tho IhiUHtuii ioo oalorimoti^r anil explain tho rnothwl «»f UMini^ it hi 
rnoasuriuj^ «|Kioifki boats. 

fi. Dofino tho tripio |H»infc of a sultstanoo, dhmtratinn and oxpkining you 
answor l>y moans <»f a skotolt, 

6. If a n«i of load and ono of iron \m ooatrd with wax, amt IhiHi l»f« isfuall 
hoafcod at ono ond, th«* inoltod |H»rtton of th«^ wax oxtomis fastor aloriK tho’ loar 
hut, in tho final stato, tln^ molting piiHs^mls farth«ir almtg tho inui. Kspki 
this* 

7. I>omTilHi an ox|H‘rtmont.al mothis! of inoasuring tho R|aRdllr boat of a gas, 

8. Dowrilsi a aimpio form t»f ronstant proSMiro gas thrrinoinoior, and oxpltti’ 
how to uHo it for measuring tho tornja^ratnro of a watrr Imfb. 

$), Explain tho torma **«iow*|siint “ ami **ro!ativ« humnlity **, and show how t 
doduai thn latti^ if tho formor i» km*wn. 

Stage Two, 1910 

h Diwcirilai Jolyk atoani mlorimotof, amt oxplarn how il hm ii^l t 
moaaiirn tho sjHtoifh! hoata id 

2 . Driwirilw fiognault’s mothtwl t»f mimmiring tho at«ia*dnto f»x|mfi«ion of niwur^ 
and ox|4ain rarofully in what sonno il la 4mlo|walonl of tho rnuimmmu of th 
containing tulss#i, 

i1, Hhow that on om»ling air otmtaining wator tafsinr, if tli« air m t 

a ol»sl ¥o^«l, tho toiii|wrattirtf at whtoh «low is dc|«^4i«sl i» iiilfpr»»iit friitti tli 
dpW'|Kiint « usually mi’aiiuml, 

4, Inmorilif^ with a akotoh, tho fomi of an i»itlii*rit$ai riirxo **tt tho |irf^tir» 
vtihmw flkgmm (nl Im m gaa, (^1 for a xafartir, Kt|i|«4ii tlio toriii •‘nrilin 
fconi|«<rtituro 'I 

ft. Ikdinti ttiormal riitidtmtivity, atwl dwa^rds^ a nmtmhh |i«r tt« iiiPamin 

niwnt in tho of a sulwtamxt «»f low oiimlufittvily, 

Il H tho «|w«*ifio xoliniio t*f satnratod atoain al ItM*" Cl w Ill72 I’.rin. jw^r griti 
and tho ktmt lioiit f»«17 miortra |»or grim, thnl tlio itit«*ri»l work nf %’ii|«niP.iitii»ti. 

7. Dtmi'rilsi tho ox|«»rimonl *4 (lomoni «n*l Ibi«*rfi»r« fur tlip rail 

of thw oIiwtii4iir:« of a gaa, ant! oxfilatn why tho foiiinl i» t««» l*iw. 

8. Di^rfilie mm form of oN^trimi thonwiiiiptof* «ii«l pxiilain litiw tl t« ft|i|iliij 
for rno.it#ii4rfitii#nta of radiant oiiorgy. 
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Stage Three, 1909 

L (Hvii a Hhort tlcBcripfcion of some of the more sensitive methods which have 
iMHJn tnniiloyiul for measuring radiant heat. 

2. i^xplain wliat is meant by the absolute scale of temperature, and how it 
can ho coinparod with the scale of a gas- thermometer. 

Jl. Hluiw how the ratio of the principal specific heats of a gas can be found by 
ohsopvntionH on its adialiatic {expansion. 

4. an account of the effect on the solidifying-point of water of the 

prcHcuci’ of Huhstauccs disHolvcd in it, 

f». Di'Kcrilw hricfiy experinumtal methods of investigating the deviations of 
giwcH from Ihiylc’H law at modoi'ate temperatures and pressures, and discuss the 
gtnnn’al tluniry of tlm rcHuU-H obtained. 

6. UcHcribti carefully Forbes’s metbod of measuring the thermal conductivity 
<»f a mtdalHc bar, and show how the result is deduced from the observations. 

7. (Hve thti tht'oroiical Iiasis of the Stcfan-Boltzmann law of radiation, and 
dcscrilw? Urit'liy experiments by which it has been confirmed. 

Stage Three, 1910 

1. Kxplain tim limiting conditions under which a thermodynamic engine is 
IKirfecUy reverHiiilo, ami show that such an engine has the maximum efficiency. 

2. (Hvti a short account of the theory of the continuity of state from liquid to 
vajHitir, and nltow ht»w it is supportiul or otherwise by experimental facts. 

ih Fxplain tlm tdfect of dissolved air in promoting ebullition of a liquid, and 
of chmt tmclei in facilitating condtmmition in moist air when suddenly cooled. 

4, Hluiw how the tht'rmal conductivity of a gaB is related to the viscosity on 
the t'hnnentary klm^tic theory, and discuss the experimental verification of the 
relation. 

f>. Ueic'ribe nu acimratt^ forin of gas thermometer, and enumerate the pre- 
i'litiiionM ami corrections m‘ccHHS.ry in using it. 

tl. Uisisifw the formulm whiidi liave been proposed to represent the distribution 
of eioTgy in the spectrum <»f a black body, and explain how the distribution 
changes with t«’m|HTature. 

I, ilivt' a general aecoimt of recent researchea on the specific heats of gases 

iiml va|Hnu*s. 

Lower Examination, 1911 

I, A forri* of 2000 lb. weight is reijuired to extend an iron bar 1 foot long 
by in inch. Find the force mpuriHl to prevent the bar contracting when cooled 
frmn lOO' t*. U* O ' (1. if its c«H?ffitnent of expansion is •000011 per T 0. 

2 I’wti ghOs’S A and B, eaeli of 1 litre capacity, connected by a capillary 
tn\m\ rontiim flry air at 0" 0. and 700 mm. pressure. Neglecting the expansion of 
A will the volume of %\w tulsn find how much air will flow from A to B when 
A tn heated to UHl’ C’., B remaining at 0** 0. 

,1. ItiTfii-sfilie a metlusl of meaHuring the specific heat of a gas at constant 
and etpkm how it tUffers from the specific heat at constant volume. 

4, Explain whtit m meant hy the vaiamr pressure of a liquid. How would you 
Itipwwre the vaiKiur prtiwure of water lietwoen 0* 0. and 60® 0? , . 

fi. If the n|»|»?r aurfatai of the ice on a pond is at — 10® C., and the conductivity 
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«»f im ift *0022 in C.Cl.B. imitn, fine! a.|»|ir4»xitimtri>' th** <4 llurkniw nf the 

iee per hour when it. i« alreiwty Kt etn, thiek. 

tl WhetihO e.em.t>f water at 2(r(>, are inni^rtwl in a Bnttfien |fi%1 grm. 

nf tuennjry are tlriven intn the hulb. Kind the enntrartieii wtijeh wln^n tee 

iH melted, awnniiriK the tieiwity nf inemtry and the latent heat <4 fiaaen KO. 

7. Hc»w may tht^ clennity *4 a vit.|Mmr !>«’ fletmmnefi l tme praetteal 

method and tmuntorate thr* rhief prerantitnm to l«’ taki’ti in |«’rf«>rtiiniK the 
irK|ierimont 

Lower Examination, 1012 

1. If the rmdhrtent of ox|ianHmn <tf meroury iw and thiitof |»lawi ihmmr) 

it ’tUlOOl, find thenm«aof moivury e«|«4lr»! from a hidh oimtammu ICntn 

of inonniry at 0" when hoaiiKl to 100' (*. 

2. Htate II«ylo‘« law, ami diwrila? an esc|>er»menl hy wlmdi it. iiiiiy I**- vi^rtflrd, 
flow wotild ytm alh»w for any amid! variations t»f teniperatnro dnnnii tlo’ e'UlH’ri*- 
menti 

3. Fiml the work tiotie hy a mihie foot of gas in eipamimg I i^r rmt at a 

eonatant |»r«‘*«iiwre of t’i’7 Ih, |Hi’r ai|. ineh, Itodneo tlir e|winfl»* hr-at m fnot 
jKinmia |a.T euhie foot at this pnmure, if the ratio of the two tumU m t‘4 

and the emdlieif»nt of enpanaion 1/273. 

4. Beaerilaitwo lixjw'riimmta to dlualmte the idfrrt *4 preiwnre *»it thi» freezing- 
IMiint i»f a li<j«id, I low ia lhi» elfmd relatial to the eliange *4 %'ohinie wlnefi ormra 
mt aolidiflmtion I 

f>. Two litw of air mtnrabsi with ai|U»*«om va|aoir at 2*/' t*„ tifntrr a |»rr»un» 
of 7r» em, t4 menniry, when eoinj»n^-swal tt* 1 litre at the same teii»|»€'.ralnre i4iow 
a prtiwim'' <4 14B em. Kjiplain thw otiw^rvatioii f'ar*4iiliy, and find ih«’ preiwnro 
of the vajwmr. 

0. Explain what ia meant tiy a " niaea l*»«iy . Htaie the l«w of radiation hir 
«neh a iHrtly, ami deaerilw a meth«wl of vilifying the kw, 

7. Explain the eondtt»on» nrerwary for tloi ie|ite|ai"i*ori i4 » ||a« hy |.rrft«ofe. 
and how it is |iio»ihle to make a aniwtanee jmiwi fr*»m the of |o|tiid t«< ilmt of 
v»|ainr lamtinnonaly without any a«^|Miration into iwo itaria one hf|isid and ilm 
other ¥a|»o«r. 

K. Ikfitie thermal eoiidnetivily, ami <n|ikin ho%%^ y»oi would r«ini|i*if»^ lltp 
eondiietivitit« of two aimikr Im-fa maule *4 tldfrretit ineiak, 

II. IkM^rilwone form of eh«i4riral thermomelor, and eipkiti the oit 

which it* wdion tle|a’mk. 
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Al'PENDIX.— TABLES 


of th*’ Kjvt'n in th« following pages are taken from the latest 

of Lrttolult juhI BurnHte*in'H tabloH. Many of them must be regarded 

DM'A FOR DRY AIR 

from b to IbC) at prtiHsuro as 1 to 1'367. 

hria Ht roni-itant prosnuro *2375. 

„ vohnno (Joly) *173. 

Hirttobinl of haromotor .. 29*922 in. = 76 cm. 

Hiambi^p! prrfiauro of atmoaphoro 

M # |!*» i«{. inrh 21 17 lb. l»^r wp f(M>t. 

ICIHB’II grm. jH'f «t|. om. = 1*0136 x 10® dynes per sq. cm. 
Htamlanl tlvtinity of mv at U O. ... *0807 lb. jHir c. ft. s= *001293 grm. per c.cm. 

. 12*30 c. ft per lb. = 773*3 c.cm. per gramme. 


abholutr densities 


Mam of t e.nn, in grmmm 


Air fliwrianUl 

. -001203 

Hydrogen 

... *0000899 

t *K 


, *001425 

Oarlnmio Acid 

... *00198 

\iiriigoti 


•00125 

Oarlnmio Oxide 

... *00125 



1*020 

Glycerine 

1*26 

,\lr«bo| 


•704 

Mercury 

13*55 

KlIlF-f 


*72 

Sulphuric Acid 

T85 

Aliiffiiliitito 


2*6 

Oarlwin (diamond) ... 

8*5 

flrwi 


H*1 

„ (wockI cbarc.oal) 

T6 

1 %f|.|«^r 


H>5 to 8*0 

Hnlpbur 

2*0 



7*1 to 7*8 

Glasa (crown) 

2*4 to 2*6 

rkiiiitim 

|t:fl 

21*5 

*o* "f 

Nttfttfffti 

4« 

„ (flint) 

*076 

1*026 

T425 

2*9 to 5*9 
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HEAT 


VOUrMK (X)KFKI(’IKNTS OF EXPANSION 
PKIl DKORKK CENT. 


Iron 


•OOOOUTrt 

lOfitinuni 

, •000027 

Steel 


•oooona 

i.#twi , , 


(leppor 


•ooooro 

Tm 

1)00067 

Zine 


•OCMKIHH 

(liilfl 

'OCIOCM:! 

lltm« 


IKHMlfnn ? 

Silver 

'owofm 

loo... 


iumOfi 

01n« 

•OOtK'l'ifi I 

Sulphur , . , 


imoti 



Alooh«>l 


mom 

fhl t4 Tl«r|>rfiUlir» 

IMIflP? 

Biaiilphitle of Clwrl 

MUI 

’00122 



Bnuiiine ,, 


•00112 

Hulphiirir Arifl , , . 


Ikntlno . , , 


•OOtOM f 




HBKciFH* IlKATH (mMilm- imge h7) 


lirwi . . , 

1IIM f 

Ire 

'f* ytiiifii 

•Hi f 

Cllws 

‘IIW ? 

Mmhh 

'21 ^ HirrI 

Ilii f 




til if 


Ateohol... 


’idii 

HMlpInirtr A«'i«| 

111 

Oil rif Tur|ifU»tifie 


■12 



llpttiifie 


'in 

tif 1 


IlremiriR 


10? 

^lerriif jf 

11331 

Mi trie Aiurl 


'Am 


mn 1 



(hfwi fat 


Aif 


•211? 


3'|l» 



•ai7& 


•2II« 

tjtllpfllie 


nm 

1 A *'1*1 

mri 




c *ikf Imftip littifp 




•iiwa 
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rRITU’AL TEMPERATURES AND PRESSURES 



Temp. 

(Cani) 

Press, in 
Atrnos. 

C.'Wbwk Affl'tl 

Sl-C 

78 

Kthiir 

198-6 

36-8 

Bisulphitlu ... 

278 

72-9 

Alwhol ... ... 

248 

63 

C’hlurofortti 

258-8 

55 


118-8 

60-8 

Nitruginii 

-146 

35 


UEA'r OK COMBINATION WITH OXYGEN 


iiiw (2VAUIUU1. 

(Nnnpoand 

Koriuiul, 

Heat in 
(Calories. 

Energy 
in Ergs. 



lUO 

84000 

143 X 10*® 

CiiilNni ... 

COu 

8000 

886 X 10“ 

Hiilphnr 

HOi 

2800 

966 X 10'“ 

HhonphoruH 

l\Ch 

5700 

241 X 10“ 

/tnc 

ZnO 

1300 

546 X 10“ 

JrMii 

h \04 

1680 

662 X 10“ 

■( ‘npprr 

OuO 

600 

253 X 10“ 


( JOa and HaO 

13100 

660 X 10“ 


C«)N'IHUTIVn'Y AND DIKKUSIVITY 


Hr awn 

t H’fiiiaii SiHrr 

Uftk 

|lrii"k 
I \\\ml 

i 

Asr 





('(Huluetivlty. 

Dltfuslvlty. 

•9 

•98 

-25 


•16 to -20 

•22 

•26 


*1 


•002 to -006 

•Oil 

•0006 


•0006 to -002 


•0004 


•00011 


•00148 


•00068 


•000067 


•00082 



S« 


t Ha I 



4U! 


HEAT 


I«)ILIN(M*()!NTM ANIt l,ATKN’l' HEATS oF VAPolUZATlON 


.SjUshtJUH'**. 

Ali?i»hol ... 

I Aiimifniift. 
j HruiiHiH’ . 

\ Ctarbon 

KtliyltniJ' 
Ktlu’r 
I lyilrn>»rji 


Jiolitl Hrrtl 


7s-:i- (\ 





■H 

7M 

7*7 

17^ 


HKI 

1 Wi* 

:t;i 

s i 


KM 


Htjji-tfaij* r 

Mi rnii y 
t H >>“»’!» 

i hi mI ’r<ir|^«'Ut 111* 

Mjtllitiiir 
U »it« I 

/h»‘- 




i«*iia ; 

H.‘4I 

:t:u i\ j 

IF! 

lihi 1 

m 

1 

fill 

i:>r, \ 

74 

M-lil i 


i«i 1 


Itm • 


!# 1 H 



Llih III lu'iit »»l hI iUM 

MKI/riNCIhHNTS ANM LATKNT HIvA’r^ “ i%FA< iN 


Hniwiiiiir 

^ j i»i4nt 

: ltp«« 1 



Umt. 

Ahimiiitufii 

s i 

; ‘ I'll n 


lift f‘ 

P’4 

('itthiiiutti 

:v7\ 

l:ui 

1 Itt 

7:n 

I'fy 


|iH;l 

■: 14 


?ll* Ii 1 

Ch.lil 






Irulitim 

■ v’:SfHi 


/aUf 

1 IP 

; *4«1 

Iriiii 

1 umi 


I « 

iirioi 

Fi.i4: tr«»« 

,,,i h’/fi 



M 



. ^ 

•?* i 


.*5 1 1» 

*l*l 

■Mii-r-tirv 

5 :ni 

? -H 



ii'l 


: II 



n 

n*'i 

Fliitiitiwti 

i UflH 

'.t » y 


7Ui 

Hili-frsr 

i 

. 1 ; 




wicr A%u 

liliV III 

).H llViiliiiMi: 

rm 



7Vn#»*m s» 

f iN|‘4ir<»*i# #(f% S", firin' ft- 



itrt liMli* 


|*#ft lid |5s|l| 



Ilr-«*|jii;g 

If r ; 

1 9 

• !• i 

3' 

^ itr 

tl ' i* 

1 fl 

4 * ;i ii ' 1 :i i 



*1 


i ;i 4 

n 1 y ; 

1 ! 


i 

: fii 

ft 1 II 'J i , 



II 

T 11 

ftp IP y p ' 



M 


ii 'II fi 

M 1 : i '* 

■ 1 
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MAXIMUM PRKSSUlUi: OP WATER VAPOUR (BROCH) 


Jn millimetres of mercury 


lu 

u 

I 

:i 

4 

f» 

n 

I 

H 

HI 

U 

H! 

I a 
M 
i/* 

in 


•014 I 

17" 0. 

14*395 

80° C. 

354-873 

2'IM i 

IK 

15*330 

90 

525*468 

4'ftnn 

H) 

18*319 

91 

545*765 

inKO I 

20 

17*3(13 

92 

566*715 

f»*2V2 

21 

18*4(1(1 

93 

588*335 


22 

19*(130 

94 

610-643 

n-oiiu 

2a 

20*858 

95 

633*657 


24 

22*152 

96 

657*396 

n i>7 1 

25 

aii-Bir 

97 

681*879 

T’lun 

28 

24*95(1 

98 

707*127 

vnoi 

27 

26*470 

99 

733*160 

H*fi4H 

2K 

28*065 

100 

760*000 

lIHlt) 

20 

29*744 

101 

787*668 

p-Tir; 

no 

31*510 

102 

816*010 

ia‘4a2 

! .‘15 

41*784 

110 

1075*370 

O'lnT 

i 40 

54*865 

150 

3581*28 


50 

91*978 

200 

11688*96 

12*874 

no 

148*885 

230 

20926*400 


70 

233*308 




UHNSITV OK SATURATHl) STKAM (ZEUNER) 7 


J ujujiunt 

I'lv^Kurc lu t*«'ull' 

Dciiaity In Granmies 

lllJU 

luutrcH uf Mercury. 

pm* Cubic Centimetre. 

ii a. 

*46 

*00000475 

20 

1*739 

•000017 

10 

5*491 

•000051 

m\ 

14*879 

•00013 

80 

35*462 

•000296 

HIO 

76*0 

•000606 

120 

149*128 

•00141 

MO 

271 763 

■002 

HUt 

465*162 

•0032 


MIHC’ELLANEOUS 

nri |trr hmt ft, |wr m-Humd. 

A |irrf»iir*’ ♦*! / yntMinnm |H’r ih|* cm, 2*04Ba; lb. per sq. foot, and corresponds 

* ft »4 iiicruJiry ’TabH/ mm. high, 

Ifpiiflii «»f hi»mt»gcnwnw tttiiumjihcrc -- 27801 ft. 

I %i4. «»f wairf »i HKl” nmkw aiwuit 1870 voIb, of steam at atmospheric pressure. 

I tiq*. aaniMI fiwii’|MnmdH |.H^r minuto. 
h «f IHim water at 82” F. weigha 10 lb. 



ANSWERS TO THE EXERCISES 


<>win|^ tti tho iiu^xtvctitude of tho data in many examples {e.g, L for 
PI ntuml variouHly lui 79-26, 79*6, and 80), the answers must generally be 
Ittkt'n m tt|>|»rt>xiinatt\| 

11 (Pagk 16) 

C*»i (/,) 19*1” C. 2. (a) 50® F. (6) -38-9® F. 

I- (‘I) F. {h) 16" It -26*6® F. 5. 41® F.; 60® F. 

i. y.l‘H or 7-i7‘’ F. 8. 466® It 9. Ill® 0.; 166*6® C. 

in (Page 28) 

S. 111962 itm. 4;. 600*2136 ft. 6. •2196 yd. 6. 1*22 ft. 

t. 20 0601 r. III. 8. *i:m*6yd. 9. 10*00821 yd. 10. 1199 in. 

n. 2 m. 12. lH'96i%in. 18 . *031 sq. ft. 14 . *0172 sq. ft. 

16, fm. 

IV (Faok 41) 

a. ‘Cioormi. ©. I MfOlux, 7. 6*46 grm. 8. 64*1® 0. 9. 98*6®. 

10 1HI(I166. 11, Thr lipgrtHm would l>e nearly ten times as long. 12. 1*0643. 

13. llOOOIIrV, 

V (Paos 65) 

Art. 60. 2. 9*62 grm. 4. 684*16 c.cm. 5. 8040 c.cm.j 

1600 r.rm. I. 606 r.mi.; 622 e.em. 7. 186 c. ft. 9. 460*63 c. in. 
II. ri'6 ill. It. 22847 grm. 18 . 78*8 litres. 

VI (Paqk 66) 

1. 1*0072 to I. 2. 12*8 to 1. 

VII (Paoe 91) 

I, Fiiwl imuim. (ul f.*r U (5) 26® 0. 7. 292*6® C. 8. -162. 9. *064. 

It. 11. *1036. It. 6*24 lU IS. *098. 

VIII (Paoi 111) 

t, S. Itl’rci 4. 11*06 grm. 6. 92*7 c.cm. 6. 44*2. 

f. lli'i, 10. I lb. 11. I’S* 0. 18. 262*8 lb. 14. *096. 

li. If. '0329. 
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HKAT 


IX iVmu \m 

4. *0PPgrm, 6. 24fli, «nii, t, 'mi i^rm i 

X il*4«4K I nil 

s. ‘148 grra, (Art. ifij. i. t. mi i. ;i; ;uii. m. mitm 

Xtl iVmu \lt\ 

5 . * 0102 . S. # 2 /» |M-rr»’tit. t 11 |«'r .ri,i i :|-i;:|i |„||^ 

9 , ■ 7 ;i" Cl 10 , 1087 irrm. 41 < - 10 * i^r-r r^ni. 

XIII iVAm lilt 

t, :i I** ’4. 

XIV 20 It 

4 OTfi. «. tioi f |w>f 4 4IIII, 

i, I tfj 84, 10. 44# muh 

XV 

4 Mill kn. i 47 18 gfiii, • 1 «V4 Ik 

XVII Wl 

I, fil*r tl I I'i’i' 4 

XVIII II* ,1^4 ti 

1 , mBnW. 4 I’JMMI 4 l&:o :« i ;! ? § 

illi’Sl atliMil. t. l*W 4 i m-mU \m • 4 # I ii, I#, 

t, f»|i| K |i|* 10 , 30111 II 

li» III* fiiiil |«tiiirp|*i, II., »T«I'80 |«»*4 4% yiiii, itfii 

fii twim. |3| y.«r*». li- I'i*!! li I?* m* si, 17 i, 

IS# itl’fi IP. If. |m»i 4 IM* f'^«4 |*'sMni*i« . ill* 

kiiiPlwt Pii^rgj. Si. 101 I |#»»ii-wlik. 

,XIX 

1, Jfiliilf |^» Aft lllj i ^ 7 n. 

S. 2 W 4 lllli« |«r-ft liiitlf, 4 a - 1 7 lajplfp^, i | 4 I IT? f' 4 «f ^If*’** 

1^1 UiM ft. |#‘r i, :ri t f |3 si,|ipgt¥,%.» 0 5 #'*.^ If 

l«r f, fill i 7 fi f 4 «»t-|is#miNk 4 |A| 01 * It f. 

It l#»Ik ti fill'd IS, f^l M l^f rtetii lit,) It# t 14 .m 

IS. WTtt li lip# IT l*«l ^*wipb li '"•I I-*-’! |v 

li, 'lliri*. I# linlw l«tniiAi4rgi^«, St 7*10 :i-i|*i^riii, 

il> fl. l#|tW rill. |iKf isw'-. §§.; 00 3 gim !• 

Wir«»lw«, ft, Kfli, Ik Si aa? « |0« rut. •• J»|I4 .«, M |B* 
miw im k*m. SI. aSS’t?. It, I3iwi|i. 
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XX (Page 320) 

1. 11104 ft. imv Hw. 8. 10-97 ft. per sec. 

XXI (Page 828) 

3» 409050 grau cm. 4. 84-08 foot-pounds. 

XXM (Page 842) 

4 MI5THH4 grm. cm. 0. 2984 foot-poundH. 6.486®; 77-8®. 

XXIV (Page 867) 

I 107 HV’C’. % 7-5. 8. 2-H2. 4. -6849 0.01. 6. -109*5® 0. 

i k|». m, 1, P 20*185 Ih. per Hi|, in,; 44’78“ 0.; 493*9 foot-pounds, 
i Vnlumcii wc 5*12, 8‘UI. 2*85, 1-915, 1-08, P48, 1*29, 1-17, 1. 

XXV (Page 806) 

I, lUHio fa.i| irnmnlA %. 45‘H. 3. 285*4. 6. 220*2. 6. 3*165. 

t, M 10*. I. HO. t. 25*8 jwr oent. 10, 29*9 lb. 11. 1540 

XXVI (Page 888) 

3. •.td |H.r rrtu. 4. W - k W -342 H. 6. - *68. 7. *178. 

XXVn {Page 396) 

S 2 7-h cI 4*2r(:.; *495" 0.; *019^0. 


M!HC’F,I,LANE()UH examples (Page 898 ) 


i, «i7ii 
10.. 'Urti, 
ctli. |»r-f mr 

:i hf. 

1^17 '1 ^:rm. 

ii. 0 -■ 

rn 1*^ nwG 


rt;i 

fi 

I 

i 

i 


M 10* i. OIHI. 7. 150c.cm. 8. 60*0221 grm. 9 . 6*822 c.cm. 

II. 2 77. It. 115. IS. 11*22 X W oalorioa. IB. 674000 
II iKMiOtflfi, n. ’812 grm. jHir min. 19. 192 x 10'® lb.; 
^■4 . 1586 K lOO |wmd-dogrow; 797 X 10^ tons, 

II, in II tl. 687 : 784, 22. 24661 cm. per sec. 

M. C!. 18. ’846" 0. 27. 496*8 kg.; 261*8 kg. 

10 128 ’ C*. 81. Ca|moity of bulb * 67*28 that of stem. 

II. poo 4800 poundali. 

,’25-5.’ IS. 195; 1 Pi. S0. *6889. 

•cMimwr. 81, 978'8 footiwunds. 


I 5*^ 


••’x/r 


rm. 


10. 88*8® 0. 


84, 1741 c.cm. 
44. 14786 grm. 
64. 87826*5 dynes. 

67. 65*5 cm. 


5 # Iff Mi #♦. 

fi, 7« <1 

il 


irjr. It, ft. 78000 kg. 78. a - 
SI. 740. A» 58 1 2000. 88 

467 -3* iX tt, ^0475. 


*00116; 6 « *00000219. 
80*6, 49*7, 81*9 cm. of 
97 . Tb© 10 h.p. is the 
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BOAKD OF EDUCATION EXAMINATION FAPEiiS 
Stauk Twt> 

1. 2B7*r. Jl* I'B|«Tmit; ‘y'-l |w rrtit 

1 . 762*4 muu 3. 23*1 x |cF i. '0401 

imr 

1 . f ,0 tti. «. tl (!, 

U«m 

5. Hm MimvIkniHJUH No. 2. ?. 2 iftn. 

2. 37 ti> I. t. Hw Are. 2:iB. 


Htaok *rei«isic 

t. No, *A 



INDEX 

numbers refer io the ^ages 


Al»i 4 t 4 tf rM|iiinHum, 

lrmj»r»rt!wfr, 5 j, 

ru. siM. 

i4l»««»r|i{inn by inr »tmtw|)hrfrt adK 
i>{ hr^t. ^14. 445. 
wJrrh^rj 

A» rv'irfMitiMn. mt, 

Aitrtu mu!, ttriwiy <»t' vj^kjHUjr uf, u?. 

ni UiiuhU atiti milnbi 
r«*m|HT®Mn#u 
* mw; ^\*»k i y*< 

. 1 *’> 4 Mir»*inv «^ab®ilrt»u rii, ft», 

Ai». rMUrtinJ «Uiili» {*»f, 444. 

$lr««i*ly *»i ‘if Si' 

ul 

rfinrnr. lyiK 
ittjarMif 154. 

w%r« ilk hr 4 l«ii Mi, 44H* 

s,i* 

AkuH**! ihprtibmirtrr* 14. 

mrlfHlM <*f, MS. ^ 

A 5 lrMi^{»«if .bfinitn. j iklrrinfnrd hy, 
Am^ftfi^iii M« irt! hiuh iirfufUifeR, 147. 

Amm*»niA ii 4 *|fAr 4 U»%, i4«. ^ 

Afuitr-ii*** «*n »'«riMmii' m ill .j,u* 

till ♦*! r»»»iit»«twtk»f*. m*,%. 

»«n isilrffl hfrtt. lit. 

»««♦ 1 4 b,^ ^ 

A«g«!li’Af« '*m ruffsUb’livdiy mihI ftirtvfWVity, 
A|*|*«r*<i 4 r»|i«in»»l»»n* «*#. 

A«|wr»w<si ^rt|w.mr, ftr^wifirr itf. 

I^i 4 rss * 4 , 4i|. 

AfPA. «Hil » 4 , %. ^ , 

A f m iwf 1 1 bir ihiitl tff mrummii^ atlalAtiaib .ii. 

A%| 4 iiil«*f. »b|' 

Al»ii*w|»Hf>fb |iff>»»*wrr 4 4y|. 

Aliiffiw li#*!. ilk- 
mr-iigki, mi*. 

Alumrn, *»l, f*7. 

wf, f*%. 

»*l PWfgl. «*#. 

As»»*g«sit*» « i»A* 


|l#». «I«»|4#U4 *'f Irtiiftik 

Ikiw nI lirjil *« rt, 1^. 

|l♦frt*»rlr,<f. lirtflil m, |ik 

Um^mwUh **il«iiiii, tw, ,p. 

tt«ii.4l «« ll♦ri^*irfll^ »4 it. 
ilrf«fe|t4 * »*lwfl»ir|rf, Iffi 

*4 iltiw'imiiwii wtrnt iM?at 


of 


Hlack luxly, 339, 

Boiling-, i30“3. 

■ ' puIntM, tablo of, 416. 
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Pressure of vapours, 112. 

— specific heat at constant, 77. 

— tables of, 415, 417. 

Prdvost’s theory of exchanges, 215. 
Provostaye and Desains’ experiments, 216. 
Pyknometer, 36. 

Pyrometer, Siemens’, 254. 

— vapour, 253. 

— radiation, 259. 


Quantity of heat, i. 


Radiation,^ 207, 319. 

— absorption of7 225. 

— full, 239. 

— in an enclosure, 239. 

— polarization of, 213. 

— pressure of, 241. 

— pyrometers, 259. 

— reflection of, 223. 

— refraction of, 230. 

— solar, 229. 

— thermodynamics of, 395. 

— transmission of, 224. 

Radiators, §;'Ood and bad, 216. 

Radio-activity, 6. 

Radiometer, Crooke’s, 208. 

Radio-micrometer, 209. 

Railway, expansion of signalling rods on, 24. 
Rain, 162. 

Ramsden and Roy on expansion of solids, 20. 
Rankine on specific heats of air, 348. 

velocity of sound, 347. 

Reaumur’s thermometric scale, la. 

Reduced pressure, volume and temperature. 

Rejection of radiation, 213. 

— apparent of cold, 215. 

Refraction of radiant heat, 230. 

Regelation, 102. 

Regnault on measurement of temperature, 
250. 

— calorimeter for liquids, 73. 

— hygrometer of, 167. 

— on air and mercury thermometers, 246. 

— on Boyle’s law, 45. 

— on coeflflcients or expansion of gases, 49. 

— on expansion of mercury, 31. 

— on latent heat, 137 

— on pressure of aqueous vapour, 118, tao. 

— on specific heat of air, 77. 

of solids, 77. 

Resistance electrical, effect of heat upon, 176, 


Retardation of boiling, 132. 

Reversible engines, 370. 

efficiency of, 372. 

Reynolds on value of J, 296. 

Richard’s indicator, 36a. 

Rock-salt, diathermancy of, 225. 

Rdntgen’s experiments, aa6, 346. 

Rowland's determination of J, 287. 

Rumford on nature of heat, 8. 

Rutherford's maximum and minimum ther- 
mometers, 1$. 


Saline solutions, boiling point of, 134. 

freezinjg point of, 109. 

Saturated air, weight of, 128. 

— steam, 123, 386. 

— vapours, 118. 

Scales, thermometric, 12. 

Schuster on value of J, 296. 


Selective absorption, 227, 

Self-intensive cooling, 157. 
Self-registering thermometers, 15. 
Sensit^eness of a thermometer, 13. 
Siemens’ pyrometer, 254. 

Silbermann on heat of combustion, 202. 
Siniple bodies, atomic heat of, 86. 

Six’s thermometer, 14. 

Snow, 162. 

Solidification, 4, 92. 

— and liquefaction, 98. 

Solids, conduction of heat in, 185. 

— expansion of, 17. 

— specific heat of, 68. 

Solution, 106.^ 

Solutions, boiling points of, 134. 

— vapour pressure of, 126. 

Sound, velocity of, 347. 

Sources of energy, 5, 6. 

Specific gravities, table of, 413. 

— heat, 66-90. 

of gases, 343. 

of vapour.s, 81. 

table of, 87.^ 

variation with temperature, &c., 83. 

— heats, difference ot the, 344. 

ratio of, 318. 

Spectrum, 230. 

Spermaceti, melting point of, 102. 
Spheroidal state, 144. 

Squares, inverse, 212. 

Standard of length, ix. 

— of mass, xi. 

State, change of, 3. 

— influence of, on specific heat, 86. 

Steam, density of, 123. 

— engine, 358. 

— latent heat of, 138. 

— pressure at various temperatures, ^ ry. 

— saturated, 119. 

— total heat of, 140. 

Stefan’s law of cooling, 222. 

Stirling’s air-engine, 359. 

Strains, produced on contraction, 13. 
Sublimation, 4, 143. 

Sulphur, boiling point of, 265. 

Sun, source of heat, 5. 

Superficial expansion, 26. 

Superheated vapour, 1 14. 

— liquids, 58, 132. 

Surface tension, 308, 393. 

Swann on specific heat of gases, 79. 
Symbols, list of, xli. 


Table of absorbing powers, 228. 

— of atomic heats, 87. 

— of boiling points, 416. 

— of coinpanson of air and mercury, 246. 

— of critical temperatures and pressures, 415. 

— of densities, 413. 

— of emissive powers, 228. 

— of expansion, 414. 

— of freezing points, 416. 

— of heat of combustion, 415. 

— of latent heats, 416. 

— of melting points, 416. 

— of pressure of aqueous vapour, 417. 

— of reflecting powers, 228. 

— of specific heats, 414.^ ^ 

— of thermal conductivities, 415. 

— of values of mechanical equivalent of heat, 
296. 

Taxt on thermal conductivity, 195. 
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